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Summary 

1. Objectives:  

The overall objective of WP1 is to identify and validate promising panels of biomarkers to be 
used as integrative tools to accurately measure and predict growth responses, and metabolic 
and health effects for their application in other WPs. Thus far, more than 700 independent 
entries for nutritionally related biomarkers informative of health and metabolic condition in the 
five species of the project have been uploaded to the on-line database of ARRAINA 
biomarkers (www.nutrigroup-iats.org/arraina-biomarkers) as a part of the work conducted in 
Task1.1 and partially delivered at M12 as D1.1. This database is periodically updated with 
new partner inputs and the specific aim of the second deliverable of WP1 (D1.2) is the 
functional validation of a set of selected biomarkers, establishing their range of values and 
their robustness and elasticity after nutritional challenging.  

 

2. Rationale:  

The validation procedure was a fish species-specific process, and it was made for 
biochemical, histological and molecular biomarkers using fish and samples from feeding 
trials and challenge tests conducted within WP1 or WP3/WP4.The selected biomarkers apply 
to growth performance, nutrient deficiencies, nutrient and energy supply, oxidative stress, 
tissue repair and remodelling, histological scoring, clinical blood biochemistry, regulation of 
lipid metabolism and predictive modelling of fillet fatty acid composition.  

The planned work in the DOW was initially envisaged for at least three species in the project. 
At the present stage, it was completed for Atlantic salmon, rainbow trout, European sea 
bass, gilthead sea bream and carp. 

   

i) Atlantic salmon: a) data on growth, health and stress performance markers in 
freshwater and sea water growth regression trials, b) hepatic gene expression profiling 
of key enzymes of methionine  (Met) metabolism in juvenile fish fed graded levels of 
Met. 

 
ii) Rainbow trout: Enzyme activities and gene expression values of selected markers of 

intermediary metabolism in fish fed from the first feeding with practical diets devoid of 
marine ingredients. 

 
iii) European sea bass: a) validation procedure and reference values for markers of 

muscle regeneration in early life stages, b) validation procedure and responsiveness of 
selected stress markers after perfusion with PUFA, and c) histological and 
microbiological scoring systems of liver and intestine. 

 
iv) Gilthead sea bream: a) validation of a set of clinical markers for routine assessment of 

common nutrient deficiencies, b) tissue-specific gene expression profiling of a set of 
markers of lipid metabolism and c) predictive modelling of fillet fatty acid composition 
using dummy regression approaches with sea bream as reference species group. 

 
v) Common carp: Rates of FA oxidation and LC-PUFA biosynthesis in carp fed diets 

containing high fat levels with varying linoleic acid/linolenic acid ratios.   
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3.1. Atlantic salmon 
3.1.1 Growth regression trials  
 
3.1.1.1 Fresh water (FW) micronutrient regression trial (growth and 
health performance markers) 
 
Experimental setup 

Diets 

Seven experimental diets were produced at Biomar Technology Centre. All diets contained 
the same basic ingredients, while a nutrient premix (NP) was added in graded amounts, 
replacing some of the field peas in the formulation. All diets had a low content of marine 
ingredients, with 8% FM and 2.4% krill meal (of the total recipe), while the remainder of the 
protein came from plant sources. Capelin oil constituted 20% of the added oil, while the 
remainder was a mix of rapeseed oil, palm kernel oil and linseed oil (55:30:15). Phosphate, 
lysine, threonine and choline were added to all diets in equal amounts. The diet called 0%NP 
had no addition of the NP, while this was added in graded amounts to the six diets called 
25%NP, 50%NP, 100%NP, 150%NP, 200%NP and 400%NP. The general idea was that the 
100%NP diets should contain 100% of the assumed requirement (based on available data, 
primarily for rainbow trout (NRC, 2011) for each nutrient, while 25%NP would cover 25% and 
400%NP would cover 400% of the requirement. However, the accuracy of this will vary 
between the different nutrients, due to different amounts already provided by the basic 
ingredients in the feed formulations, in many cases fulfilling much more that 25% of the 
assumed requirement. The NP contained vitamin D3, α-tocopherol, vitamin K3, vitamin A1, 
ascorbic acid, vitamin B6, biotin, cobalamin, folate, pantothenic acid, riboflavin, thiamine, 
niacin, selenium (as inorganic sodium selenite), iodine, copper, cobalt, manganese, zinc, 
methionine, and taurine. Histidine and cholesterol were also added in graded amounts.  

 
Feeding trial 

The feeding trial was conducted in accordance with Norwegian laws and regulations 
concerning experiments with live animals, and took place at the Institute of Marine Research 
(Matredal, 61°N, Western Norway). The salmon were hatched in February, and in June the 
salmon parr were randomly distributed in fifteen 400 litre (1x1x0.4m) experimental tanks and 
acclimated for 1 week while being fed commercial feed.  The trial commenced on July 3rd, 
with duplicate tanks for each diet regime (triplicate for NP100%), with 100 fish in each tank. 
The fish were fed ad libitum with continuous feeding from automated feeders. However, care 
was taken to limit overfeeding, due to uncertainties in the collection of uneated feed at such a 
small pellet size. Collection and weighing of uneaten feed was conducted daily at 13:00, with 
the exception of weekends. The fish were exposed to continuous light, and oxygen saturation 
was monitored on a regular basis and was never below 75%. The fish were reared in 
freshwater, but with seawater added as a buffer, creating a salinity of 1.1 to 1.3 ‰.The 
temperature was kept constant through the experiment, at 12.4 °C (SD ±0.7). The total 
duration of the feeding trial was 12 weeks. 
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Table 1. Gross feed composition Atlantic salmon FW regression trial. All results are the mean of 
two analytical parallels. Protein, lipid, starch ash and dry matter are given in g kg-1. The premix of 
nutrients were adjusted according to NRC (2011), and where the 0% NP groups were not added any premix, 
the 100%NP was close to NRC (2011) for salmonids, and the 400%NP were 4x NRC (2011). 

 
 0%NP 25% NP 50%NP 100%NP 150%NP 200%NP 400%NP Requirement

4
 

Proximate composition, g kg
-1     

Protein  453 469 449 456 462 470 461 360 
Lipid  213 203 219 211 208 197 195 - 
Starch  112 112 109 104 106 107 94 - 
Ash  66 68 66 67 69 60 75 - 
Dry matter  910 930 920 920 930 920 920 - 
Energy, joule kg-1 22.8 22.7 22.6 22.7 22.4 22.5 22.0 - 
         

 

Markers for growth and health performance 

Suboptimal dietary levels of vitamins and/or minerals in the diet of Atlantic salmon can lead 
to deficiencies ultimately resulting in reduced growth. The replacement of fishmeal and fish 
oil with vegetable alternatives alters the amount and availability of vitamins/ minerals as well 
as their requirement. Markers for a mineral/vitamin deficiency chosen here are final weight, 
specific growth rate (SGR) and thermal growth coefficient (TGC). To determine the ability of 
the fish to utilize the nutrients in the diet for growth the feed conversion ratio (FCR) is 
calculated. An effect commonly associated with diets high in vegetable ingredients is related 
to changes in fat metabolism, often resulting in the intraperitoneal and hepatic accumulation 
of lipid. Whilst a link with phosphorus and lipid metabolism has been established in Atlantic 
salmon, this link with other minerals is not clear. The hepatosomatic and visceromatic indices 
(HSI and VSI resp.) are tested as markers for lipid accumulation. 
 

Main results and conclusions 

The markers for growth performance; final weight, SGR and TGC all responded significantly 
(p<0.003) to dietary NP content (Table 2). No effect was seen on FCR. Markers for fat 
metabolism (HSI and VSI) responded significantly (p<0.03) to dietary NP content. 
 
Based on the FW Atlantic salmon regression trial the following minimum or maximum values 
are indicated for optimum performance (Table 3). For final weight no range can be 
determined since this depends on starting size of the fish and the length of the trial. 
However, a range for growth speed (SGR) or growth corrected for temperature (TGC) can be 
given. FCR was not a good marker in this study. For HSI and VSI an optimal range could be 
determined. 
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Table 2. Weight (g), SGR, TGC, FCR, HSI (hepato-somatic index) and VSI (visceral-somatic 
index) at the end of the FW regression trial. 
 

 0%   
NP 

25% 
NP 

50% 
NP 

100% 
NP 

150% 
NP 

200% 
NP 

400% 
NP 

Regression 

Weight 79.7 79.6 78.6 79.7 84.6 84.2 87.3 R2=0.49, p=0.002 

SGR 1.75 1.75 1.74 1.75 1.82 1.82 1.86 R2=0.48, p=0.003 

TGC 1.60 1.60 1.58 1.60 1.69 1.68 1.73 R2=0.48, p=0.003 

FCR 0.86 0.83 0.82 0.83 0.85 0.78 0.81 n.s. 

HSI 1.53A 1.60A 1.56A 1.65A 1.31B 1.25B 1.25B R2=0.46, p=0.03 

VSI 11.6AB 11.9A 11.9A 11.9A 10.8BC 10.6C 10.5C R2=0.48, p=0.02 

 
 
 
Table 3. Optimal range for selected markers in FW Atlantic salmon. 
 

 Range 

SGR 1.8-1.9 

TGC 1.68-1.73 

FCR n.a. 

HSI 1.25-1.3 

VSI 10.5-11 
n.a. = not applicable 
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3.1.1.2. Sea water (SW) micronutrient regression trial (growth and health 
performance markers) 
 

Experimental setup 

Post-smolt Atlantic salmon (Salmo salar) were randomly distributed among fifteen sea cages 
(5m x 5m x 5m; 125 m3; 150 fish per cage) at Gildesskål Research Station, GIFAS, Gildeskål 
kommune, Norway. Prior to the start of the trial fish were acclimated to the environmental 
conditions for two weeks, the feeding trial started in January 2013. At start the average fish 
weight was 228 ± 5 g and during the 157 day feeding period the fish more than doubled in 
weight. As in standard aquacultural practice, fish were reared under 24h light regime before 
the start of the trial and during the first 3 months of the experiment. Cages were illuminated 
by four 400W IDEMA underwater lights that were positioned at the centre of each block of 
four cages at a depth of three meters. Fish were hand-fed until satiation two times daily and 
feed intake was recorded for each sea cage. Total feed intake and mortality were recorded 
daily. Water temperature, salinity and oxygen saturation over the course of the trial varied 
from 4.1 (January) to 10°C (June), 30-34.2 ‰, and 8.7-12.2 mg/L, respectively. Feed 
composition is presented in Table 4. 
 
Markers for growth and health performance 

In line with the markers for growth in the FW trial final weight, SGR and TGC were chosen. 
The FCR was calculated as a marker for feed utilization. The condition factor (CF), the 
relation between the weight and the length of the fish, is used as a marker for general health.  
 
 

Table 4. Feed composition Atlantic salmon SW regression trial. All results are the mean of two 
analytical parallels. Protein, lipid, starch ash and dry matter are given in g kg-1. The premix of 
nutrients were adjusted according to NRC (2011), and where the 0% NP groups were not added any 
premix, the 100%NP was close to NRC (2011) for salmonids, and the 400%NP were 4x NRC (2011). 

 
 0%NP 25%NP 50%NP 100%NP 150%NP 200%NP 400%NP 

Proximate analysis 
Protein (g kg-1) 

 
480 

 
472 

 
440 

 
480 

 
480 

 
480 

 
480 

Lipid (g kg-1) 220 220 210 230 220 240 220 
Starch (g kg-1) 113 109 105 100 101 105 95 
Ash (g kg-1) 69 57 56 58 60 61 75 
Dry matter (%) 95 94 93 93 93 93 92 
 
 
 
Main results and conclusions 

Final weight correlated significantly (p<0.0001) with dietary NP content. The other markers 
for growth performance, SGR and TGC did not respond significantly (Table 5). No effect was 
seen on FCR and CF. 
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Table 5. Weight (g), CF, SGR, TGC and FCR the end of the SW regression trial. 
 
 0%NP 25%NP 50%NP 100%NP 150%NP 200%NP 400%NP Regression 

Weight 459±73 488±70 480±82 480±68 493±74 478±67 496±64 p<0.0001 

CF 1.09±0.09 1.11±0.09 1.1±0.1 1.12±0.1 1.09±0.1 1.08±0.08 1.09±0.07 n.s. 

SGR 0.47±0.02 0.50±0.03 0.48±0.01 0.50±0.01 0.50±0.03 0.48±0.01 0.50±0.01 n.s. 

TGC 2.37±0.12 2.53±0.17 2.42±0.01 2.52±0.06 2.53±0.2 2.46±0.02 2.55±0.02 n.s. 

FCR 0.99±0.03 0.98±0.05 0.99±0.04 0.97±0.01 0.97±0.04 0.99±0.02 0.97±0.01 n.s. 

 
In conclusion, the only responsive parameter in the SW regression trial was final weight. The 
other markers chosen, CF, SGR, TGC and FCR did not respond significantly. Based on the 
SW Atlantic salmon regression trial and set of markers chosen there is no clear range for 
optimal optimum performance (Table 6). 

 
Table 6. Optimal range for selected markers in SW Atlantic salmon 

 Range 

CF n.a. 

SGR n.a. 

TGC n.a. 

FCR n.a. 
n.a. = not applicable 
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3.1.1.3 Fresh water (FW) micronutrient regression trial (stress markers) 
 
Experimental setup 

The experimental condition and diets are described in 3.1.1.1 and 3.1.1.2. Stress was 
applied by reducing the water level of each tank before transferring the remaining fish into a 
10L bucket and leaving them there for 10min before the fish were returned to the tank and 
water level was restored. For the stress test after the final sampling, a time lag between the 
stressing of each tank ensured that the time period from stress until the samples were 
collected was exactly the same for each tank. Samples were collected 1 h and 4 h after 
stress, from 5 fish per tank.  

Levels of glucose and the stress hormone cortisol were measured in the blood before and 
after the stress as well as haemoglobin (Hb) content and red blood cell volume. 
 
Main results and conclusions 

The only plasma parameter that was significantly affected by diet was AST (R2=0.83, 
p<0.0001, Table 7), which increased with increasing NP inclusion. At the main 
sampling/before stress, the only haematological parameter affected by diet was Hb, which 
increased with increasing NP (R2=0.25, p=0.03). One hour after stress, both Hb and the 
calculated value mean cell Hb (MCH) were higher, while 4 hours after stress, haematocrit 
(Hct) and mean cell volume (MCV) were higher in fish fed increased level of NP.  No 
differences between diet groups were seen in plasma concentrations of the stress hormone 
cortisol or glucose, neither before nor 1 or 4 h after stress. When all diet groups were 
combined in the statistical analysis, pronounced stress effects were observed both in cortisol 
and glucose levels, Hct, MCV and MCHC (all p=0.0001), showing that the treatment used 
was successful in stressing the fish.  

In conclusion, Hb correlated with NP content of the diet, however this was not affected by 
stress since the effect was already seen before the stress. Mean cell haemoglobin content 
(MCH) was identified as a 1h post-stress marker with optimum values of (70.2-72) 
corresponding to NP 150%-400%. Mean cell volume (MCV) and Hct were identified a 4h 
post-stress markers with optimum values of 290-300 for MCV and 38-40.5 for Hct 
corresponding to 150%-400% NP. 
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Table 7. Haematology and plasma cortisol (µg dL-1) and glucose (mmol L-1) of fish fed the 
experimental diets, both before and after treatment stress was applied. The values presented 
are the mean of each diet group (2-3 tanks), with one pooled sample of blood/plasma from 8 
fish analyzed per tank at the main sampling (before stress), and 5 fish per tank at each time 
point after stress.  

 
 

  

 0%NP 25% NP 50% NP 100% NP 150% NP 200% NP 400% NP Regression 

Before stress 
Hb 9.05 9.15 8.80 9.13 9.25 9.15 9.40 R2=0.25, p=0.03 
RBC 1.27 1.32 1.30 1.31 1.27 1.28 1.29 n.s. 
Hct 42.5 42.5 41.5 41.7 43.0 42.0 43.0 n.s. 
MCV 335 322 319 319 340 330 335 n.s. 
MCH 71.3 69.3 67.7 70.0 73.3 71.9 73.2 n.s. 
MCHC 21.3 21.5 21.2 21.9 21.5 21.8 21.9 n.s. 
Cortisol  5.02 4.38 2.82  4.76 3.17 3.48 2.77 n.s. 
Glucose 5.05 5.41 5.10  4.99 5.05 4.71 4.62 n.s. 
1 h after stress 
Hb 8.90 8.90 9.10 8.90 9.05 9.20 9.40 R2=0.23, p=0.04 
RBC 1.27 1.29 1.31 1.28 1.29 1.29 1.31 n.s. 
Hct 38.5 38.0 38.5 38.3 39.0 38.5 40.5 n.s. 
MCV 303 295 294 300 302 300 311 n.s. 
MCH 70.1 69.0 69.5 69.7 70.2 71.6 72.0  R2=0.31, p=0.02 
MCHC 23.1 23.4 23.6 23.2 23.2 23.9 23.2 n.s. 
Cortisol 12.8 13.4 13.2 14.3 12.5 13.1 13.1 n.s. 
Glucose 5.72 5.75 5.90 5.96 5.89 5.58 5.52 n.s. 
4 h after stress 
Hb 9.35 8.95 9.15 8.93 9.15 9.05 9.60 n.s. 
RBC 1.35 1.30 1.29 1.32 1.31 1.29 1.35 n.s. 
Hct 39.0 36.5 37.5 37.7 38.0 38.0 40.5 R2=0.23, p=0.04 
MCV 289 281 291 286 290 295 300 R2=0.22, p=0.04 
MCH 69.3 68.8 70.9 67.7 69.8 70.1 71.1 n.s. 
MCHC 24.0 24.5 24.4 23.7 24.1 23.8 23.7 n.s. 
Cortisol 4.72 4.75 4.25 4.04 5.75 4.43 4.89 n.s. 
Glucose 5.97 5.99  6.09 6.35 6.24 5.99 5.82 n.s. 
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3.1.2. Feeding trial with graded levels of Methionine. Markers of 
Methionine deficiencies and nutrient requirements 

Background 

Methionine is a source of sulphur required for the synthesis of cysteine and taurine as well as 
an essential methyl-donor in cellular metabolism. Changes in the metabolism of methionine 
can influence the production of nutrients essential for proper functioning of the skeletal, 
cardiovascular, and nervous systems (Miller and Kelly, 1997). Forty-eight percent of dietary 
methionine metabolism takes place in the liver (Corrales et al. 2002). The maintenance of 
methyl groups and homocysteine homeostasis in the hepatic tissue is dependent on the 
balance between S-adenosylhomocysteine (SAH) and its precursor, a powerful inhibitor of 
transmethylation reactions, S-adenosylmethionine (SAM). This SAM:SAH ratio can be 
affected by S-adenosylhomocysteine hydrolase (SAHH) activity which is involved in the 
hydrolysis of SAH to homocysteine and adenosine. Homocysteine is a sulphur amino acid 
metabolite derived from methionine. Homeostasis of homocysteine is dependent on genetic 
factors and nutrient intake (i.e. folate, vitamins B6, B12) and it can be regulated via 
conversion of homocysteine back to methionine (remethylation) or transition to cysteine and 
taurine (trans-sulfuration) in reactions requiring cystathionine β-synthase (CBS). Amino acids 
such as serine and glycine have been shown to alleviate methionine toxicity by enhancing 
formation of cystathionine/cysteine and increasing the activity of cystathionine β-synthase 
(CBS) ultimately removing an excess of homocysteine (Kawakami et al. 2009; Fukada et al. 
2006).  The remethylation of homocysteine in the liver in the process of Met regeneration can 
also be affected by dietary sulphur amino acid levels, such as cystine, through increase or 
decrease of betaine-homocysteine methyltransferase (BHMT).  

The intake of certain nutrients, such as polyunsaturated fatty acids, can affect expression of 
genes involved in methionine/homocysteine metabolism (Huang et al. 2013). Ohuchi et al. 
(2009) suggested that dietary impact on the activity of enzymes, such as CBS and BHMT, 
are possibly regulated at the level of transcription since the enzyme activity is often 
paralelled with the increase/decrease in mRNA copies (Yamamoto et al. 2006).  

Therefore, the objective of the present experiment was to investigate the effect of dietary 
methionine concentration and alternating feeding strategies in methionine delivery, on the 
mRNA transcript levels of genes involved in methionine metabolism: S-
adenosylhomocysteine hydrolase, betaine-homocysteine methyltransferase, and 
cystathionine beta-synthase in Atlantic salmon juveniles.  

 
Experimental setup 

Animal care and experimental setup  

Salmon alevins (265 ± 3 mg) were randomly distributed into 24 tanks at a density of 50 fish 
per tank (3 replicates) and kept at 15-19°C in a semi-recirculation system. The optimum 
temperature range for Atlantic salmon at first feeding and for juvenile fish is 16-20°C 
(Peterson and Martin, 1989; Dwyer and Piper, 1987). The system had a refreshment rate of 
3.3 L per min/440 L. The city water used was filtered through activated charcoal filters and 
additionally treated with sodium thiosulfate to keep chlorine level at < 0.1 mg/L. The outflow 
water returning to the system was additionally treated with filtration unit. Each fish tank 
received a flow rate of 0.3 L per min. The photoperiod was 13 h light: 11 h dark.  

A casein-gelatin (CG) based semi-purified diet was used as the basal diet and was 
formulated to contain 17.54% casein, 3.51% gelatin, 30% amino acid mixture [50% of protein 
(casein and gelatin) was replaced by free amino acid mixture], 4% fish hydrolysate (CPSP; 
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Sopropeche, France), 15.56% dextrin, 1.79% alpha-cellulose, 2% carboxymethylcellulose, 
0.2% astaxanthin [NASX-1, Natural Astaxanthin (15,000 ppm) (JEHMCO Aquatic Breeded 
Supplies), 0.06% Stay-C 35, ascorbic acid monophosphate (35%) (Source was Rovimix 
series), 0.17% choline chloride, 2% vitamin mix, 3% mineral mix, 6.06% cod liver oil, 10.06% 
soy-lecithin, and 4.06% palm oil. The experimental diets were supplemented with L-
methionine at levels of 0, 1.9, 5.8, and 17.4 g/kg (designated as M0, M1/3, M1, and M3, 
respectively). The M3 diet was additionally prepared to examine Met toxicity without glycine 
(M3-G) (Table 1).  
 
Table 1. The weight gain and hepatosomatic index results of Atlantic salmon after 9 weeks of 
feeding with experimental diets. The experimental diets were supplemented with L-
methionine at levels of 0, 1.9, 5.8, and 17.4 g/kg (M0, M1/3, M1, and M3, respectively). 
Alternative feeding groups included: AF1 (fish sequentially fed M0 for 2 days followed by M1 
for 1day), AF2 (fish that were fed M0 for 2 days followed by M3 for 1 day), and AF3 (fish that 
were fed two meals of M0 followed by one meal of M3). Different letters indicate statistical 
difference at P<0.05. 
 

 

These diets were provided to the fish following the ‘mono-feeding strategy’, meaning fish 
were fed a designated single diet during the entire feeding experiment. This experiment also 
included three alternative feeding groups with ‘duo-feeding’ strategy. That means that fish 
were fed two different diets alternatively on daily or hourly basis. Alternative feeding groups 
included: AF1 (fish that were sequentially fed M0 for 2 days followed by M1 for 1 day), AF2 

Treatment Basal 
diet 

L-Methionine 
 (g/kg) 

Feeding strategy Weight 
gain (%) 

HSI (%) 

M0 + 0 «Mono-feeding» fish 
were fed this diet during 

the entire feeding 
experiment 

449±46a 2.45±0.56b 

M1 + 1.9 «     « 564±21b 2.08±0.11ab 

M1/3 + 5.8 «     « 593±90b 2.10±0.12ab 

M3 + 17.4 «     « 597±31b 1.88±0.08a 

M3-G + M3 diet 
without 
glycine 

«     « 591±67b 2.04±0.14ab 

AF1 +  “duo feeding” -  fish 
sequentially fed M0 for 
2 days followed by M1 

for 1 day 

544±20b 2.31±0.06ab 

AF2 +  “duo feeding” - fish 
were fed M0 for 2 days 

followed by M3 for 1 
day 

605±31b 2.16±0.11ab 

AF3 +  “duo feeding” - fish 
were fed two meals of 
M0 followed by one 

meal of M3 

612±50b 1.88±0.13a 
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(fish that were fed M0 for 2 days followed by M3 for 1 day), and AF3 (fish that were fed two 
meals of M0 followed by one meal of M3). Fish were fed three times a day and feeding rates 
were restricted to 2.0-4.8% of biomass during the feeding experiment based on tri-weekly 
fish weight measurements (Lee, 2013).  

After 9 week-long feeding experiment liver was immediately collected from three fish per 
tank, immediately frozen on dry ice, and stored at -80°C. The weight of the liver taken during 
the sampling was used for the calculation of hepatosomatic index (HSI); 100 × liver 
weight/fish weight.  

Molecular biology analysis. Preparation of total RNA and cDNA synthesis 

Total RNA was extracted from all samples of salmon liver using PureYield RNA Midiprep 
System (Promega, Italy), following the protocol described in Technical Manual #TM279. This 
kit isolates intact, pure total RNA from essentially any sample type for use in a wide range of 
applications. The use of a novel Clearing Agent enables the rapid purification of total RNA 
with undetectable levels of genomic DNA contamination without using DNAse.  

The quantity of the extracted RNA was calculated using the absorbance at 260 nm, whereas 
the integrity of RNA was assessed by agarose gel electrophoresis. Crisp 18S and 28S 
bands, detected by ethidium bromide staining were indicator of the intact RNA. 

After extraction, total RNA was reverse transcribed into cDNA in a mix containing oligo dT16 
primer, and dNTPs. This mix was heated, chilled on ice, and then reverse transcription 
buffer, DTT, RNaseOUT, and Moloney murine Leukaemia virus reverse transcriptase were 
added, as described in the M-MLV Reverse Transcriptase kit (Invitrogen).  
 
Molecular biology analysis. Cloning and sequencing 

To perform PCR, an aliquot of the resulting cDNA was amplified with GoTaq Polymerase 
(Promega) in a mix containing buffer, dNTPs, and each of the designed RT-PCR primer sets. 
PCR amplifications were performed for primer sets designed for each gene, using an 
automated Thermal Cycler (Mycycler, Biorad). The annealing temperatures depended on the 
melting temperatures of the primer set used. An aliquot of each sample was then 
electrophoresed on 1% agarose gel in 1X TAE buffer (Eppendorf, Italy) and bands were 
detected by Atlas ClearSight DNA Stain (Bioatlas, Estonia). The PCR products were cloned 
using the pGEM®-T Easy cloning vector system (Promega, Italy) and subsequently 
sequenced in both directions (T7 and SP6). 

The primers for genes SAHH and BHMT (Table 2) were designed on Atlantic salmon cDNA 
sequences available in the NCBI Genebank database (GeneBank accession no. 
NM_001140375.1 and  NM_001139685.1, respectively). The CBS primers were designed 
based on rainbow trout sequence available in the NCBI Genebank database (GeneBank 
accession no. NM_001124686.1).  
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Table 2. Primers used in the study. 

Gene Primer Purpose Primer sequence 5'-3' 

SAHH Forward 
In vitro 
transcription gtaatacgactcactatagggCGAGAAACTGCCCTTCAAA 

 
Reverse 

In vitro 
transcription TCTGCTCAATGCACCACACAT 

 

Taqman 
probe Real time RT PCR TCGGCTCCAAGGGCAG 

BMH
T Forward 

In vitro 
transcription 

gtaatacgactcactatagggACCAGCTGGAGCTAAGAG
G 

Reverse 
In vitro 
transcription TGACCTCGTCCTCGCACTT 

Taqman 
probe Real time RT PCR CTGGCGTAGAAGGTG 

CBS Forward RT-PCR AGGTGGAGGGCATCGGATA 

Reverse RT-PCR ACCTGTTTGAATTGTTTGTAGAGCAC 

 
Forward 

In vitro 
transcription gtaatacgactcactatagggAAACCCTGGTGGTGGAAC 

Reverse 
In vitro 
transcription ACCTGTTTGAATTGTTTGTAGAGCAC 

  
Taqman 
probe Real time RT PCR CAGTGTCTGAATCTATTTTC 

 
 
Quantitative one step real-time RT-PCR. Generation of in vitro-transcribed mRNAs for 
standard curves 

The number of BHMT, SAHH, and CBS gene transcript copies was absolutely quantified by 
comparing them with a standard graph constructed using the known copies of mRNA of each 
target gene. For this, forward and reverse primers were designed based on the available 
mRNA sequences of CBS, BHMT, and SAHH. Each primer pair was then used to create 
templates for the in vitro transcription of mRNAs for BHMT, SAHH, and CBS genes. The 
forward primers (Table 2) were engineered to contain a T7 phage polymerase promoter gene 
sequence fused to their 5’ end and used together with the reverse primer (Table 2) in a 
conventional RT-PCR of total RNA extracted from salmon liver. RT-PCR products were then 
checked on a 1% agarose gel stained with Atlas ClearSight DNA Stain, cloned using 
pGEM®-T cloning vector system and subsequently sequenced in the SP6 direction. In vitro 
transcription was performed using T7 RNA polymerase and other reagents supplied in the 
Promega Ribo Probe In Vitro Transcription System kit according to the manufacturer’s 
protocol.  

The molecular weight (MW) of the in vitro-transcribed RNA for each gene was calculated 
according to the following formula: MW= (no. A bases × 329.2) + (no. U bases × 306.2) + 
(no.  C bases × 305.2) + (no.  G bases × 345.2) + 159. 
 
Quantitative one step real-time RT-PCR. Generation of standard curves for BHMT, SAHH, 
and CBS 

The mRNAs produced by in vitro transcription were used as quantitative standards in the 
analysis of experimental samples. Defined amounts of mRNAs at 10-fold dilutions were 
subjected to real-time PCR using one-step TaqMan EZ RT-PCR Core Reagents (Life 
Technologies, Italy), including TaqMan buffer, MnOAc, dNTP except dTTP, dUTP, forward 
primer, reverse primer, FAM-6 (6-carboxyfluorescein-labeled probe), rTH DNA polymerase, 
and AmpErase UNG enzyme in a 30 µl reaction. AmpErase® uracil-N-glycosylase (UNG) is 
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a 26-kDa recombinant enzyme encoded by the Escherichia coli uracil-N-glycosylase gene. 
UNG acts on single-and double-stranded dU-containing DNA. It acts by hydrolysing uracil-
glycosidic bonds at dU-containing DNA sites. The enzyme causes the release of uracil, 
thereby creating an alkali-sensitive apyrimidic site in the DNA. The enzyme has no activity on 
RNA or dT-containing DNA. For Taqman® assays, AmpErase® UNG treatment can prevent 
the reamplification of carry over PCR products from previous PCR reactions. When dUTP 
replaces dTTP in PCR amplification, AmpErase UNG treatment can remove up to 200,000 
copies of amplicon per 50 µl reaction. RT-PCR conditions were: 2 min at 50°C, 30 min at 
60°C, and 5 min at 95°C, followed by 40 cycles consisting of 20 s at 94°C, 1 min at 62°C. 
The Ct values obtained by amplification were used to create standard curves for all target 
genes. 
 
Quantitative one step real-time RT-PCR. Quantitation of BHMT, SAHH, and CBS transcripts 
by one-step RT-PCR TaqMan® system 

A hundred nanograms of total RNA extracted from the experimental samples was subjected, 
in parallel to 10-fold-diluted, defined amounts of standard mRNA, to real-time PCR under the 
same experimental conditions as for the establishment of the standard curves. Real-time 
Assays-by-DesignSM PCR primers and gene-specific fluorogenic probes were designed by 
Life Technologies and are presented in Table 2. TaqMan® PCR was performed on a 
StepOne Real Time PCR System (Life Technologies, Italy). Data from Taqman® PCR runs 
were collected with StepOne’s Sequence Detector Program. The reaction efficiency was in 
the range 88–90%.  Furthermore, a minus-reverse transcriptase control ("No Amplification 
Control" or NAC) was included in qRT-PCR experiments. The NAC was a mock reverse 
transcription containing all the RT-PCR reagents, except the reverse transcriptase. No 
product was seen in the NAC, which indicates that contaminating DNA was not present in the 
sample.  
 
Statistical analysis 

Data are presented as means and standard deviation. The data were analyzed by one-way 
ANOVA followed by Tukey’s test. The difference was considered significant at P<0.05. 
 

Main results 
 
Fish growth 

The results (Table 1) showed that Atlantic salmon alevins fed M0 diet had significantly 
smaller weight compared to all other groups and therefore appeared to be associated with 
insufficient dietary Met levels. There was no significant effect of alternative feeding on the 
growth of salmon except with the Met-deficient M0 group. The results also showed increased 
hepatosomatic index in fish at 8h postprandial when fed M0 compared to the M3 and AF3 
groups.  
 
Creation of standard curves for absolute quantitation of SAHH, BHMT, and CBS 

The correct length of the in vitro transcribed mRNAs of CBS, BHMT, and SAHH including the 
T7 promoter was confirmed by 2% agarose gel electrophoresis. The molecular weights (MW) 
of these templates were 88,514 for CBS, 134,026.6 for BHMT, and 117,894 for SAHH. 

The concentration of synthetic mRNAs measured spectrophotometric at 260 nm was 741.4 
ng/µl for CBS, 684.6 ng/µl for BHMT, and 979.8 ng/µl for SAHH. Therefore, the final 
concentration of the working solution was 5.04E+12, 3.08E+12, and 5.00E+12 molecules/µl 
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{[concentration (g/µl)/MW] x 6.02E + 23 (Avogadro constant)} for CBS, BHMT, and SAHH, 
respectively (Terova et al., 2009; Kwasek et al., 2012). The threshold cycles (Ct) for each 
gene were obtained from Taqman® PCR runs and collected with StepOne Sequence 
Detector Program. The standard curves were created based on the linear relationship 
between the Ct value and the logarithm of the starting amount of mRNAs for each gene. One 
example of a standard curve constructed for BHMT mRNAs is presented in Figure 1. 
 
 

Figure 1. Standard curve for BHMT obtained by 
amplification curves of descending tenfold 
dilutions of standard mRNAs. Defined amounts 
of synthetic mRNAs were analyzed at the same 
plate (48 wells) with the unknown samples of S. 
salar liver total RNA using one step Taqman 
real-time RT-PCR. 
 
 

 
 
 
 
 
 

 
 
Expression of CBS, SAHH, and BHMT genes in salmon liver 

The highest number of mRNA copies of CBS gene was found in the M0, M1/3, and AF-1 ( 
groups compared to M3 and M3-G groups, respectively (Figure 2). The expression of CBS 
gene in the M1 group was lower compared to the AF-1 group but not different with M0 or 
M1/3 groups. No differences were found between AF-2 and AF-3 groups compared to other 
treatments. The expression of SAHH gene was the highest in the M3 group compared to M1, 
M1/3, and AF-3 groups but there was no difference between the M0, M3, and M3-G groups. 
No differences were found in SAHH gene expression between AF-1 and AF-2 groups 
compared to other treatments (Figure 2). The highest expression of BHMT gene was found 
in the M0, M1/3, and AF-1 groups. The lowest BHMT expression had M1, M3, M3-G, AF-2, 
and AF-3 groups compared to other treatments (Figure 2). 
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Figure 2. Expression levels of CBS, SAHH, and BHMT measured by Real-Time PCR in Atlantic 
salmon liver. The mRNA copy number for each gene was normalized as a ratio to 100 ng total RNA. 
The means of two animals in each group are shown. Bars indicate standard deviation of the mean. 
Different letters indicate statistical difference at P<0.05. 
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Main conclusions 
 
Fish growth 

Dietary methionine provided at levels below requirement has been associated with growth 
depression and reduced feed intake (Cowey et al. 1992). The present study showed that 
Atlantic salmon alevins fed M0 diet had significantly smaller weight gains compared to all 
other groups and this appeared to be associated with a decrease of dietary Met levels. This 
is consistent with results previously obtained in fish (Saravanan et al. 2013).  

Our results showed increased hepatosomatic index at 8h postprandial fish fed M0 compared 
to the M3 and AF3 groups resulting probably from glycogen and/or lipid deposition as shown 
in rainbow trout by Walton et al. (1982). These authors reported an increase in 
hepatosomatic indices ranging from 2.45 to 2.84% for fish fed diets supplemented with 
methionine and/or cystine in comparison to 4.22% for fish fed the casein-gelatin diet without 
Met supplementation. These authors suggested elevated glycogen levels (Walton et al. 
1982). Similarly, Atlantic salmon which received low methionine diet showed significantly 
higher relative liver weight associated with triacylglycerol deposition (Espe et al. 2010). 
However, changes in large salmon (0.5 kg) were relatively minor (1.74 versus 1.48%) in the 
fish fed low Met diet. 
 
Expression of CBS, BHMT, and SAHH genes in salmon liver 

Ohuchi et al. (2009) found increased CBS activity in liver of rats fed high protein diet 
suggesting involvement of this enzyme in reducing high homocysteine levels. The same 
authors also showed that the activity of CBS did not increase in response to Met 
supplementation in case of the low casein containing diet (Ohuchi et al. 2009) signifying all 
Met being directed towards protein synthesis. Our study, on the contrary, showed the highest 
mRNA copies of CBS gene in the M0, M1/3, and AF-1 groups compared to those receiving 
higher Met levels, such as M3 and M3-G groups. This would indicate downregulation of 
remethylation in the liver in the case of Met deficiency. Taurine supplementation has been 
shown to improve growth of rainbow trout (Gaylord et al. 2006), red sea bream (Matsunari et 
al. 2008), and Japanese flounder (Kim et al. 2008). Taurine can be synthesized from Met via 
cystine in a number of fish. However, the rate of synthesis may be inadequate to fulfill taurine 
needs in taurine limiting diets (i.e. plant protein-based), particularly for those species for 
which taurine is conditionally indispensable (Matsunari et al. 2008; Kim et al. 2008). In 
addition, increased growth rate might augment demand for taurine synthesis which cannot be 
met if the level of Tau and/or Met in the diet is low. The increase in CBS mRNA level in the 
present study might therefore suggests that Met in low Met containing diets is directed 
towards the synthesis of taurine in order to maintain its level required for biological 
processes. Gaylord et al. (2007) reported a decrease in expression of cysteine sulfinate 
decarboxylase gene in rainbow trout, involved in the biosynthesis of taurine, with an increase 
in dietary Met supplementation. Although salmon has ability to synthesize Tau (Espe et al. 
2008) it might not be capable of producing the quantities required for maximum growth when 
Met is the most limiting amino acid in the diet. Gaylord et al. (2007) indicated that the minimal 
and not drastic reduction in growth in rainbow trout fed diets without taurine might be related 
to the capacity to synthesize taurine to support basic physiological functions as long as 
methionine levels are sufficient. It has been reported that animals deficient in CBS were able 
to decrease homocysteine levels by increased BHMT after oral administration of betaine 
(Ratnam et al. 2006). Our study showed that the highest expression of BHMT gene was 
found in the M0, M1/3, and AF-1 groups similarly to the CBS gene expression. Finkelstein et 
al. (1986) reported lower activity of CBS and higher levels of BHMT in liver of rats fed diets 
supplemented with cystine. BHMT is one of the two major enzymes involved in the 



ARRAIN
A P

roj
ec

t 2
01

6

 

 

 

 

19 
This project has received funding from the European Union’s Seventh Programme for research, technological 

development and demonstration under grant agreement No 618105 

 

 

remethylation pathway (the second being methionine synthase). BHMT’s major role is 
catalysis of methyl group transfer from betaine to homocysteine with end products 
methionine and dimethylglycine. The lowest expression of BHMT found in M1, M3, M3-G, 
AF-2, and AF-3 groups compared to other treatments might suggest that excess of methyl 
groups inhibits BHMT expression due to the surplus of dimethylglycine, a by-product of 
BHMT reaction (Richard et al. 2011).  

Since glycine participates in Met metabolism and serves as a methyl group acceptor 
(detoxification of excess of Met), the supplementation of Gly has been also shown to 
stimulate the synthesis of cystathionine. Fukada et al. (2006) observed that both glycine and 
serine suppressed hyperhomocysteinemia. However, no effect of these amino acids was 
found on the activity of hepatic CBS. Our experiment showed, however, lower expression of 
CBS gene in the M3-G group compared to M0 or M1/3 groups but not different from the M3 
group suggesting that the withdrawal of glycine might diminish the expression of CBS gene 
and reduce cystathionine synthesis when Met is the limiting amino acid in the feed.  

There are several pathways of the metabolism of SAM and SAH products (adenosine and 
homocysteine) important for efficient product removal and to prevent the inteference of SAH 
with SAM-dependent methyltransferases via product inhibition. Therefore, SAHH is a crucial 
enzyme in the regulation of processes such as transmethylation, trans-sulfuration and purine 
metabolism (Kloor and Osswald, 2004). The expression of SAHH gene was the highest in 
the M3 group compared to M1, M1/3, and AF-3 groups and not different between M0, M3 
and M3-G groups. This increase in SAHH gene expression in M3 group might be related to 
elevated SAH metabolism due to its accumulation caused by higher Met level provided in the 
feed. Concomitantly, the lack of difference between M0 and M3 diets fed fish might suggests 
that increase in mRNA level of SAHH gene in the Met-limiting group was possibly associated 
with increased SAH metabolism towards taurine synthesis. 

The present study showed no significant effect of alternating feeding strategy on the weight 
gains except with the Met-deficient M0 group suggesting that the duo-feeding strategy 
provided enough Met to support the growth of salmon. The gene expression of CBS and 
BHMT showed an expected outcome. There was no difference between AF1 group, which 
received M0 and M1 diet in duo-feeding strategy versus M0 and M1/3 groups that were fed 
by mono-feeding method. This outcome might therefore indicate that AF1 duo-feeding 
strategy provided Met at a similar level inducing the same level of expression of CBS and 
BHMT as in the M0 and M1/3 groups. The SAHH gene expression in the AF3 group, which 
received two meals of M0 followed by one meal of M3, was lower compared to the M3 group 
but the same compared to M1, M3-G, M1/3 groups suggesting that this duo-feeding strategy 
provided optimal Met levels.  

In conclusion, the present study found that: 
• Dietary methionine provided at levels below requirement is associated with growth 

depression in salmon alevins.  
• Dietary Met can directly affect the expression of genes involved in liver Met 

metabolism.  
o CBS: a valid molecular marker of remethylation process in the liver -  

increased mRNA copies in fish fed Met deficient diet.  
o SAHH: a valid molecular marker of taurine synthesis  - increased mRNA 

copies in fish receiving low Met. 
o BHMT: a valid molecular marker of enhanced re-methylation of homocysteine 

to Met: excess of Met downregulates BHMT expression  
• Although the alternate provision of methionine in a form of combination of low and 

high methionine containing diets seems to support its efficient utilization in the salmon 
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liver, there is no evidence that this strategy will compensate enough in the case of 
inadequate Met levels. 

 

Reference values: 

CBS gene 

CBS mRNAs in salmon fed on diets with low Met levels such as M0, M1/3, and AF1 groups, 
ranged from 3.95E+04 to 6.06E+04 copies/ng total RNA, whereas in fish fed on higher Met 
levels (M3 and M3-G groups) ranged from 3.14E+04 to 3.37E+04 copies. The number of 
mRNA copies of CBS gene that can be considered as reference value is from 3.14E+04 to 
3.95E+04 mRNA copies/ng total RNA 

BHMT gene 

BHMT mRNAs in salmon fed on diets with low Met levels such as M0, M1, M1/3, and AF1 
groups, ranged from 3.56E+04 to 6,06E+04 copies/ng total RNA, whereas in fish fed on 
higher Met levels (M3 and M3-G groups) ranged from 3.20E+04 to 3.37E+04 copies. The 
number of mRNA copies of CBS gene that can be considered as reference value is from 
3.20E+04 to 3.56E+04 mRNA copies/ng total RNA 

SAHH gene 

SAHH mRNAs in salmon fed on diets with low Met levels such as M0, M1, M1/3, and AF1 
groups, ranged from 8.10E+04 to 1,14E+05 copies/ng total RNA, whereas in fish fed on 
higher Met levels (M3 and M3-G groups) ranged from 1.14E+05 to 1.19E+05 copies. The 
number of mRNA copies of CBS gene that can be considered as reference value is from 
1.14E+05 to 1.19E+05 mRNA copies/ng total RNA 
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3.2. RAINBOW TROUT 
 
3.2.1. Long term feeding a plant-based diet devoid of marine ingredients 
affects plasma metabolites and hepatic metabolism in rainbow trout: 
validation of metabolic biomarkers in relation to new aquafeed in fish 
 

Background 

To study the long-term adaptation of the 100% plant based diet, fish were fed from first meal 
until the end of the trial at 355 days after fertilization; a marine based diet was used as 
control. Several metabolic key markers were tested, related to the use of the main 
macronutrients: starch, amino acids and lipids related to those described in the first Task of 
WP1. Three post prandial sampling times (3h, 8h and 24h after the last meal) were studied to 
follow kinetics of the chosen markers. A low throughput analysis scale was chosen to be 
used as routine in laboratory; gene expression and enzyme activities were assayed to obtain 
a complementary vision of metabolic pathway studied. Liver was specifically analysed since 
it plays a major role in intermediary metabolism as the main nutrient dispatcher of organism. 

 

Experimental setup 

Fish and diets, zootechnical parameters and samplings 

The fish line was issued from the INRA-Synthetic strain (INRA-SY) of rainbow trout, a 
domesticated population maintained without selection since the early 1980s and fed with 
standard commercial diets containing FM and FO. Fish were maintained in flow-through 
tanks in INRA experimental facilities (PEIMA, Sizun, France). Three tanks seeded with 600 
eggs were used for each diet: plant based diet (PB) and marine diet (M) respectively. M diet 
consisted essentially in FM and FO, extruded wheat was added as a binder. PB diet was 
totally devoid of marine stuffs, which have been substituted by a blend of plant products 
(Table 1 and 2). These two experimental diets were produced in INRA facilities (Donzacq, 
France) and were given as the first meal (41 dpf). They were formulated to be isoproteic, 
isolipidic and isoenergetic (Table 2). The composition was modified at 236 dpf for M diet and 
at 280 dpf for PB diet until the end of the study (355dpf) to adapt protein and lipid content to 
the nutritional requirements according to fish size(25). Plant stuffs use to elaborate PB diet 
were chosen to satisfy trout needs in fatty acids, amino acids vitamins and minerals(25). Soy 
lecithin, lysine and calcium phosphate were added to the PB diet to adjust the phospholipid, 
essential amino acid and available phosphorus contents. Fish were fed ad libitum. 

To characterize zootechnic parameters, daily consumptions were recorded during 64 days 
from 291 dpf to the end of the assay. Rations were adjusted for biomass differences 
according to expected growth and fish were fed ad libitum. Consumptions were estimated 
with consideration of the unfed remaining pellets which were collected in the tanks after each 
distribution. Net intake, feed efficiency, hepatosomatic index and retention were calculated 
(Table 2). 

Forty eight hours before the end of trial fish were fasted and refed the day of sampling except 
for ten fish that were sampled for body analysis. At 355 dpf, fish were anesthetized in diluted 
2-phenoxyethanol (0.05%) and sacrificed by severing the spinal cord behind the head. Fish 
were sampled at 3, 8 and 24 hours after the last meal. Eight individual samples per 
experimental diet and per hour were used for analysis as biological replicates. Blood was 
removed from the caudal vein into heparinized syringes and centrifuged (3000 ×g, 5 min); the 
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recovered plasma was immediately frozen and kept at − 20 °C until analysis. Liver were 
taken, divided in two part and immediately frozen in liquid nitrogen then kept at − 80 °C until 
analysis.  

 

Table 1. Diet composition 
 
Ingredients (g/kg) M PB 

Fishmeal 623 0 

Maize gluten 0 170 

Soybean meal 0 200 

Wheat gluten 0 250 

Extruded wheat 240 50 

White lupin 0 57 

Extruded dehulled pea 0 30 

Fish oil 97 0 

Rapeseed oil 0 62 

Linseed oil 0 37 

Palm oil 0 24 

Soya lecithin 0 20 

L-Lysine 0 15 

L-Arginine 0 10 

CaHPO4.2H20 (18%P) 0 35 

Binder 20 20 

Min. Premix 10 10 

Vit. Premix 10 10 
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Table 2. 

 
Proximate composition M PB   

  Starch (% dry matter) 12.02 8.46 

   Crude Protein  (% dry 

matter) 
47.1 44.8 

   Lipids (% dry matter) 22.8 23.3 

   Energy (kJ/g dry matter) 23.5 23.6 

   Amino acids composition (g/100g of diet)     

  Essential 

  

requirements* 

  Arginine 2,48 2,66      1.4-1.8 

 Histidine 0,87 0,87       0.5-0.6 

 Isoleucine 1,68 1,58      0.7-1.4 

 Leucine 3,05 3,74 3.4 

  Lysine 3,07 2,20 1.9 

  Methoinine 1,19 0,64 0.8 

  Phenylalanine 1,67  2,17 0.7 

  Threonine 1,77 1,27  1.1 

  Valine 2,02 1,71      0.8-1.6 

 Nonessential 

     Alanine 2,62  1,83 

   Aspartic acid 3,77 2.49 

   Cysteine 0,42  0,76 

   Glycine 2,63 1,33 

   Glutamic acid  6,08 11,33 

   Proline 1,95 3,94 

   Serine 1,70 1,94  

   Fatty acid composition of diet (g/100g of fatty acid)     

  Saturates 28.28 16.12 

   MUFA 22.44 39.81 

   PUFA n-6 3.27 21.94 

   C18:2 n-6 1.67 21.67 

   PUFA n-3 32.99 20.13 

   C18:3 n-3 0.79 20.13 

   EPA 16.38 - 

   DHA 10.11 -   

  *NRC 2011 data, MUFA for Monoinsaturate fatty acid, PUFA for Polyinsaturate fatty acid. 
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Analysis  

Whole fish analysis and diet composition. The chemical compositions of whole body and 
diets were analysed using the following procedures: dry matter after drying at 105 °C for 
24 h, starch content and amino acids profiles were analysed by In Vivo labs, Vannes France, 
protein content (N × 6.25) by the Kjeldahl method after acid digestion, gross energy in an 
adiabatic bomb calorimeter (IKA, Heitersheim Gribheimer, Germany). Total lipid was 
extracted according to Folch method. FA compositions were analysed from total lipid extract 
with prior preparation of methylesther. FA identifications were proceed by gas 
chromatography.  

Plasma analysis. Plasma metabolites levels were determined using commercial kits: glucose 
(Glucose RTU, bioMérieux, Marcy l'Etoile, France), triglycerides (PAP 150, bioMérieux) and 
cholesterol (CHOD-PAP, Sobioda). 

Enzyme activity. Tissues (liver) used to assess enzyme activities were grinded in 10 volume 
of ice cold buffer at pH 7.4 (50mmol/l TRIS, 5mmol/l EDTA, 2 mmol/l DTT and a protease 
inhibitor cocktail (Sigma, St Louis, MO; P2714)). After homogenization, one minute of sonic 
disruption was applied to the samples kept on ice. Then homogenates were centrifuged à 
4°C and supernatants were used immediately for enzyme assays. Enzymes assayed were 
glucokinase (GK) (EC 2.7.1.2), pyruvate kinase (EC 2.7.1.40), glucose 6 phosphatase 
(G6Pase) (EC 3.1.3.9), glutamate dehydrogenase (GDH) (EC 1.4.1.2),  aspartate aminoacid 
transferase (ASAT) (EC 1.4.1.21) and alanine aminoacid transferase (ALAT) (EC 1.4.1.1), 
citrate synthase (CS) (E.C. 2.3.3.1, FA synthase (FAS) (EC 2.3.1.85), 3-hydroxyacyl CoA 
dehydrogenase (HMGCS) (EC 1.1.1.35). The enzyme activity was measured at 30°C in 
duplicate following the variation of absorbance of NAD(P)(H) at 340nm except for the citrate 
synthase where DTNB (5,5’ Dithiobis(2-Nitrobenzoic acid)) was used to follow the reaction at 
412nm. The reactions were started by the addition of the specific substrate; a Power Wave X 
(BioTek Instrument, Inc.) plate reader was used. A blank with water instead of the substrate 
was run for each sample. One unit of enzyme activity was defined as the amount of enzyme 
that catalysed the hydrolysis of 1 µmol of substrate per min at 30 °C except for fatty acid 
synthase (FAS) which was expressed as the amount of enzyme oxidizing 1µmol of NADPH 
at 30°C. Enzyme activity was expressed per mg of soluble protein. Protein concentration was 
measured in triplicate according to Bradford(34), using a protein assay kit (Bio Rad, 
München, Germany) with bovine serum albumin as a standard.  

 

mRNA analysis 

Total RNA was extracted from liver using TRIzol reagent method (Invitrogen, Carlsbad, CA). 
1µg of total RNA was reverse transcribed in duplicate with SuperScript III Reverse 
Transcriptase (Invitrogen) with random primer according to the manufacturer’s instructions. 
mRNA expressions were assayed using LightCycler 480 SYBR Green I Master (Roche 
Diagnosis, Indianapolis, IN, USA) and LightCycler 480 II thermocycler (Roche). Relative 
quantification of target genes transcripts were done using Elongation Factor 1α (EF1α) as 
reference gene transcript following the Pfaffl method(35). Genes assayed and primer 
sequences used in this study are presented in Table 3.  
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Table 3. Primers used for gene expression analysis 

Target Gene Abreviation Database Accession number Fwd primer Rev primer Tm, °C Amplicon size, bp 

Elongation Factor 1αEF1α EF1 GenBank AF498320 TCCTCTTGGTCGTTTCGCTG ACCCGAGGGACATCCTGTG 64 159 

Glucokinase GK GenBank AF053331 GCACGGCTGAGATGCTCTTTG  GCCTTGAACCCTTTGGTCCAG  64 169 

Pyruvate Kinase PK Sigenae tcav0004c.c07_3.1.om.4 CCATCGTCGCGGTAACAAGA GCCTTGAACCCTTTGGTCCAG  64 158 

Glucose 6 Phoshatase 1 G6P1 GenBank AF120150 TAGCCATCATGCTGACCAAG CAGAAGAACGCCCACAGAGT 60 82 

Glucose 6 Phoshatase 2 G6P2 Sigenae CA345537.s.om.10 CTCAGTGGCGACAGAAAGG TACACAGCAGCATCCAGAGC 60 77 

Glutamate Dehydrogenase 1 GDH1 GenBank AJ419570 AAGTCCGCAGCGTCTCTTTCC TCACCTCATCAACAGACACCT 64 144 

Glutamate Dehydrogenase 2 GDH2 GenBank AJ419571  ATCAAGCCCTGCAACCACGTCCT TCTTCACTGTAACGGATCCCCCCTTT 64 140 

Glutamate Dehydrogenase 3 GDH3 GenBank AJ556997 CTGCAACCATATACTGAGTGTATCGTTCC  ATGTCATCAGCGAGGCCAGGGCTTT  64 160 
Aspartate Amino Acid 
Transferase 1 ASAT1 Sigenae CA359859.s.om.10 TCAAGAGTGGCAGGAACATCA AGCGTCTCTGAAGATGGGTGT 61 155 
Aspartate Amino Acid 
Transferase 2 ASAT2 Sigenae CA344854.s.om.10. TCTGTGCCCAGTCCTTCTC GGAGGGTTGGACCAGGT 59 146 
Aspartate Amino Acid 
Transferase 3 ASAT3 Sigenae BX882788.s.om.10 ACAACCGTCTGAACCATGAGTA GTTCCCGTTGTACCAGCG 60 191 
Alanine Amino Acid 
Transferase 2 ALAT2 Sigenae AU081029.s.om.10 TGGGTGCGTACAGTGCCAGT GACGCACCCTCACCACACAC 65 175 

Citrate Synthase CS Tigr TC89195 GGCCAAGTACTGGGAGTTCA CTCATGGTCACTGTGGATGG 60 229 

Fatty Acid Synthase FAS Sigenae tcaa0001c.m.06 TGATCTGAAGGCCCGTGTCA  GGGTGACGTTGCCGTGGTAT  64 189 
Hydroxyacyl-CoA 
Dehydrogenase HOAD Sigenae tcad0001a.i.15_3.1.om.4 GGACAAAGTGGCACCAGCAC GGGACGGGGTTGAAGAAGTG 64 126 

Delta6 desaturase D6D GenBank AF301910 AGGGTGCCTCTGCTAACTGG TGGTGTTGGTGATGGTAGGG 64 175 
Hydroxymethylglutaryl-CoA 
synthase  HMGCS Sigenae CX251971.p.om.8 AGTGGCAAAGAGAGGGTGT TTGTGGTTGGAGACGAGGA 64 294 
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Statistical analysis 

All data were tested for homogeneity of variances by Leven's tests. Zootechnical parameters 
were analyzed with t test (Student). The effects of diet, of time and of diet x time interaction 
on the different biological markers were tested by two way ANOVA. In case of interactions, 
one way ANOVA were proceeded to analyze significance differences among both diets and 
sampling times. Post hoc tests were made using Tukey multiple mean comparisons. Student 
t-tests were run to compare groups two by two. All statistical calculations were made using R 
software(36). Differences were statistically significant when P<0.05. 

 

Main results 

Growth between fish fed the two diets 

During the feeding trial of 64 days, from day 291 to the end of the study, body weight gain, 
net intake and feed efficiency were found significantly higher for fish fed with M diet (P<0.05, 
Student t-test). The value of hepatosomatic index was also slightly higher with marine meal 
but the difference was not significant. Among lipid, protein and energy retention, only protein 
retention was strongly and significantly affected by the diet (P<0.05, Student t-test) (Table 4). 

Table 4. Least square means ± standard errors for growth, feed efficiency and processing 
traits. Different superscript letters indicate significance difference between fish fed with 
marine and plant based diet (P<0.05). 

  M PB 

Initial weight (g) 191.23±5.37a 91.53±5.37b 

Final weight (g) 526.24±10.88a 225.11±10.88b 

BWG (g/fish/day) 5.32±0.33a 2.08±0.13b 

FI (g/fish/day) 4.26±0.26a 2.13±0.14b 

FE 1.25±0.03a 0.99±0.06b 

HSI (%) 1.33±0.32 1.27±0.38 

Lipid retention (%) 100.6±3.1 89.0±9.0 

Protein retention (%) 50.5±2.2a 35.6±2.3b 

Energy retention (%) 28.4±1.2 29.6±2.0 

BWG for body weight gain, FI for feed intake, FE for feed efficiency (weight gain/dry feed intake), 

HSI for Hepatosomatic index (liver weight*100/body weight),  

Nutrient retention 100*[(final body weight*final body composition)-(initial body weight*initial body 

composition)]/(Feed intake*nutrient composition). 

 

Plasma metabolites 

Plasma triglyceride and cholesterol levels showed a strong significant effect of the diet on 
these three parameters. Mean values were all superior in fish fed with M diet (Fig 1). About 
plasma glucose, a significant interaction occurred between diet and post prandial time. 
Significant differences between diets at 3 and 8h but not at 24h after feed intake were 
observed with one way ANOVA. No time effect was observed among analyzed metabolites 
except for the triglycerides which increased with sampling time for the two diets respectively. 
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Figure 1. Plasma metabolites levels in rainbow trout fed with marine (M) or plant based diet 
(PB). Each value is the mean ± SE of n=8 fish/group. Two way ANOVA results are presented 
in the upper right corner of the figure. Letters indicate differences between groups after one 
way ANOVA analysis when interaction between diet and time was significant. Differences 
were considered statistically significant when P<0.05, NS non significant. 
 
 
Liver metabolism study 

Glucose metabolism was studied through the mRNA expressions and the enzyme activities 
of three key enzymes: glucokinase (GK), pyruvate kinase (PK) and glucose 6 phosphatase 
(G6P) (Fig. 2). One way ANOVA indicated that at 24h GK expression is significantly different 
between diets with a seven fold more inducted mRNA levels for M diet. Significant diet and 
time effects were also observed for GK activity, values were higher with fish fed with M diet. 
No differential PK mRNA expression was observed among diets and hours after feeding 
whereas a diet effect was seen with PK activity, values were higher for M diet for each 
sampling time. G6P chosen as a marker of gluconeogenesis pathway gave significant higher 
values of mRNA expressed for M diet but activity was unchanged. For both diets, significant 
time effect was also observed in gene expression with a gradual decrease of values with 
time. This kinetic were found inverted with activity data where values increased with time. 
 

Gene expression:  
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Enzyme activity: 

 

 

 

 

 

 

Figure 2. Enzymes involved in glucose metabolism in the liver of rainbow trout fed with 
marine (M) or plant based diet (PB). Each value is the mean ± SE of n=8 fish/group. Two 
way ANOVA results are presented in the upper right corner of the figure. Letters indicate 
differences between groups after one way ANOVA analysis when interaction between diet 
and time was significant. Differences were considered statistically significant when P<0.05, 
NS non significant. 

 

Glutamate deshydrogenase (GDH), aspartate aminotransferase (ASAT) and alanine 
aminotransferase (ALAT) (Fig. 3) were studied as markers of amino acids catabolism. mRNA 
ASAT did not show any different expressions related to diets or hours after last meal 
excepted for isoform 3 with significant higher values (about two fold more expressed) in fish 
fed with M diet. We observed effect of diet and time respectively on ASAT activities. For both 
diets, ASAT activities augmented with sampling hours post feeding; values were stronger for 
M diet. About ALAT, as we did not have the primer for the isoform 1 and 3 of ALAT, only the 
isoform 2 was assayed in gene expression and no effect was seen. Effect of the diet 
occurred at 24h (one way ANOVA analysis) for ALAT activities with higher values obtained 
with fish fed PB diet. Time effects were observed for both diets respectively with increasing 
values with post prandial hours. GDH expression and activity were induced with PB diet 
except for isoform 1. Time effect occurred for this isoform for both diets with decreasing 
values with time.  

Citrate synthase (CS) mRNA expression and activity were assessed to study the energy 
metabolism (Fig. 4). In gene expression, the 24h point was found significantly higher with PB 
diet (one way ANOVA). Time effect was noted with CS activity results (P<10-4) with gradual 
values increasing with time. 

Lipid metabolism was studied through fatty acid Synthase (FAS), 3-Hydroxyacyl CoA 
deshydrogenase (HOAD), Delta6 desaturase (D6D) and Hydroxymethylglutaryl-CoA 
synthase (HMGCS) (Fig. 5). Related to fatty acids synthesis, FAS mRNA expression 
highlighted a strong induction by PB diet at 24h (one way ANOVA). FAS activity did not show 
any difference among diet and sampling times. Although mean values were higher for PB 
diet, individual variations were high, as seen with high standard error, therefore differences 
between diets were not significant. HOAD, assessed as lipid degradation marker, gave for 
each diet respectively significant decreasing mRNA levels according to hours of sampling. 
Moreover, diet effect on expression was recorded higher with fish fed PB diet. Conversely to 
expression, we observed for both diets, gradual increase of activity values with time. The 24h 
point for M diet was found significantly higher than the two other times for both diets 
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(P=0.015), but not different from PB at 24h. D6D, required for the synthesis of highly 
unsaturated fatty acids, showed strong effect of the diet with values 3.5 fold times superior 
for PB compared to M diet. We observed that standard errors were high for fish fed with PB 
diet, indicating a high heterogeneity of the group for this gene. HMGCS implied in the first 
step on cholesterol synthesis highlighted, as for FAS gene expression, a strong induction of 
PB diet at 24h. Individual variations made non-significant (one way ANOVA) the differences 
observed between diets at 3 and 8h. Enzyme activities of D6D and HMGCS were not 
assayed.   
 

Main conclusions 

In this work, our objective was to determine and validate some biomarkers in plasma and 
liver linked to intermediary metabolism in fish fed during all the life cycle with two diets, one 
with marine resources and the other one with plant ingredients. As expected, we detected a 
decrease of growth performance (feed efficiencies, feed intake) with fed the plant based diet. 
We analysed some of the plasma metabolites related to glucose, lipid and protein 
metabolism as well as some of the actors in liver, center of intermediary metabolism, by 
focusing on specific enzymes of intermediary metabolism at molecular and enzymatic levels 
as has been proposed in the task 1.1 of the WP1. 

 
Which biomarkers for dietary plant protein intake?  

To resume liver glutamate dehydrogenase (GDH) activity and mRNAs levels involved in 
amino acid catabolism are good indicators of plant protein intake: they are increased in fish 
fed plant protein suggested an unbalanced amino acids in plat diet. They are validated as 
potential biomarkers for plant protein intake at least in rainbow trout. 

Which biomarkers for dietary lipid intake?  

In our experiment, the biomarkers of lipogenesis (FAS enzyme) and fatty acid catabolism 
(HOAD enzyme) are not unambiguously good biomarkers related to diet composition. By 
contrasts, Delta6 desaturase (D6D) and Hydroxymethylglutaryl-CoA synthase (HMGCS) 
showed strong gene expression induction among fish fed plant based diet. High rate of 
linoleic and linolenic acids and absence of long chain polyunsaturated fatty acids in 
vegetable stuff explained the gene stimulation of fish to full his needs in polyunsaturated fatty 
acids. Low concentration of cholesterol in plant blend could activate the genes involved in its 
production.  Measures of D6D and HMGCS and cholesterol levels in plasma are good 
biomarkers for the new diets in fish nutrition. 

Which biomarkers for dietary carbohydrate intake?  

When dietary carbohydrate is included in diet (here in the marine diet), measures of 
glucokinase (GK) gene expression and pyruvate kinase (PK) activities are higher. This is why 
these actors are good biomarkers for dietary carbohydrate intake as well as the measures of 
glycemia. 

 

In conclusion the long-term adaptation of rainbow trout fed with a 100% PB diet was studied. 

The first aim was to confirm biological markers, already described in the literature, and useful 

in the assessment of fish feeding trials with plant substitution. Here, changes in 
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macronutrients brought by vegetable blend affected amino acid, carbohydrate and lipid 

metabolism and plasma metabolites. GK and PK (activity only); well correlated to plasma 

glucose; appeared to be reliable markers to study fish response to diet starch level. ASAT 

and GDH were induced by vegetal nitrogen sources leading to a decrease of protein 

retention. It suggests a low adaptation of fish to this feeding. Concerning lipid metabolism, 

D6D and HMGCS synthase genes were strongly expressed with fish fed PB, giving 

molecular tools to assess fish reaction to vegetal blend lipid.  

 

The redaction of the paper including all these data is in progress in order to be submitted in 
Br J Nutr.
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Figure 3. Enzymes involved in amino acids catabolism in the liver of rainbow trout fed with marine (M) or plant 

based diet (PB). Each value is the mean ± SE of n=8 fish/group. Two way ANOVA results are presented. Letters 

indicate differences between groups after one way ANOVA analysis when interaction between diet and time was 

significant. Differences were considered statistically significant when P<0.05, NS non significant. 
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and demonstration under grant agreement No 618105 
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Figure 4. Gene expression and enzyme activity of citrate synthase (energy metabolism marker) in the liver of rainbow trout fed with marine (M) 
or plant based diet (PB). Each value is the mean ± SE of n=8 fish/group. Two ways anova results are presented in the upper right corner of the 
figure. Letters indicate differences between groups after one way anova analysis when interaction between diet and time was significant. 
Differences were considered statistically significant when P<0.05, NS for significant.  
  



ARRAIN
A P

roj
ec

t 2
01

6

 

 

 

 

33 
This project has received funding from the European Union’s Seventh Programme for research, technological development and demonstration under grant agreement No 

618105 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

statistically significant when P<0.05, NS non significant. 

 

 

 

Figure 5. Enzymes involved in lipid metabolism in the liver of rainbow trout fed with marine (M) or plant based diet (PB). Each value is the 
mean ± SE of n=8 fish/group. Two way ANOVA results are presented in the upper right corner of the figure. Letters indicate differences 
between groups after one way ANOVA analysis when interaction between diet and time was significant. Differences were considered 
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3.3. EUROPEAN SEA BASS 

 

3.3.1. Feeding trial with larvae fed 1-5% DHA. Validation procedure and 
reference values for markers of muscle regeneration in early life stages 
 
Background 

In order to improve growth and development, marine fish larvae require high contents of 
long-chain polyunsaturated fatty acids (LC-PUFA), such as docosahexaenoic acid (DHA; 

22:6n−3). These high requirements are due, in part, to the limited capacity of marine fish 
species to synthesize these fatty acids when their precursors are included in the diet 
(Sargent et al. 1995; Izquierdo, 1996). Nevertheless, fish larvae appear to possess higher 
specific requirements for DHA than juveniles or adults, due to their elevated growth rate 
(Watanabe et al. 1989; Takeuchi, 1997). Therefore, high contents of long chain-
polyunsaturated fatty acids must be included in marine fish larvae diets. However, as DHA is 
highly unsaturated, the susceptibility of this fatty acid to be oxidized by reactive oxygen 
species (ROS) is higher than that of other fatty acids (Nagaoka et al. 1990). To protect DHA 
from ROS attack, adequate quantities of antioxidants must be included in larval diets. 

Vitamin E (α-tocopherol; α-TOH) is a powerful antioxidant that stabilizes biological 
membranes (Wang and Quinn, 2000). An interaction exists between α-TOH and the dietary 
levels of highly unsaturated fatty acids in marine fish larvae (Betancor et al. 2011; Hamre, 
2011), indicating that increasing contents of LC-PUFA must be accompanied by increased 
levels of α-TOH. 

Apart from low weight antioxidant molecules, an array of antioxidant enzymes (AOE) helps 
to protect organisms from ROS attack. The AOE comprises a series of enzyme scavengers 
of oxyradicals and other free radicals, including catalase (CAT), superoxide dismutase 
(SOD) and glutathione peroxidase (GPX). SOD catalyses dismutation of superoxide radicals 
to hydrogen peroxide and oxygen; CAT catalyses the breakdown of hydrogen peroxide to 
water and molecular oxygen, and GPX decomposes peroxides (Halliwell, 2006). Most of the 
studies on the activity of AOE deal with pollutant detoxification (Kim et al. 2010; Ji et al. 
2011) or fish developmental aspects (Peters and Livingstone, 1996; Mourente et al. 1999). 
Limited information is available on the effect of dietary components on the activity and AOE's 
gene expression during early developmental stages in European sea bass larvae (Tovar-
Ramírez et al. 2010). 

Whenever there is an imbalance between the generation and removal of ROS by cellular 
defenses, a state of oxidative stress is initiated. This status may lead to the oxidation of 
various cellular constituents like lipids, proteins or DNA. For instance, European sea bass 
larvae muscle appears to be very sensitive to ROS attack, as severe dystrophic lesions in 
the epaxial musculature have been reported due to in vivo lipid peroxidation (Betancor et al. 
2011, 2012). The term « regeneration » refers to a process that allows an organism to regain 
the function of an organor structure damaged by injury or disease (Stoick-Cooper et al. 
2007). 

In adult zebrafish (Danio rerio), an exceptionally high capability for regeneration has been 
reported (Lien et al. 2006; Yoshinari et al. 2009). Therefore, it can be hypothesized that at 
younger stages an activation of muscle repair process in a situation of oxidative stress will 
take place. However, information about muscle regeneration in fish has been rarely 
described and only related to mechanical injury or bacterial infection (Rowlerson et al. 1997; 
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Ingerslev et al. 2010) and there is a complete lack of studies describing muscle regeneration 
process in marine fish larvae or regeneration after a nutritional dystrophy. 

Myosin and actin are the major muscle proteins, where myosin is the major structural 
component of striated muscle. Both myosin chains, the heavy (MyHC) and the light (MyLC), 
exist as multiple isoforms that are tissue and/or developmental stage-specific (Funkenstein 
et al. 2007; Ikeda et al. 2007). MyHC gene expression has been highly correlated with 
muscular protein accretion (Hevrøy et al. 2006). Moreover, the effect that nutritional status 
has on muscle growth can be determined by monitoring the expression patterns of this 
marker gene (Overturf and Hardy, 2001). On the other hand, a higher immunolocalization of 
this protein has been observed during regeneration processes in the muscle of gilthead sea 
bream juveniles after mechanical injury (Rowlerson et al. 1997). Actins are highly conserved 
proteins that play a key role in maintaining the cytoskeletal structure, cell motility and 
division, as well as intracellular movements and contractile processes. 

Different isoforms of actins exist in fish, being α-actin expressed after MyHC during the 
period of somite formation in carp (Watabe, 2001). Furthermore, cellular proliferation is an 
important event necessary for muscle regeneration (Chargé and Rudnicki, 2004) and growth 
factors expected to be upregulated during this process. The insulin like growth factors I and 
II are two myogenic regulatory factors capable of inducing satellite cell proliferation and 
differentiation in fish (Goldspink et al. 2001; Bower et al. 2008). Moreover, IGF-II was 
upregulated during zebrafish heart regeneration, denoting an increase of DNA synthesis 
(Lien et al. 2006). 

Calpains are Ca2+-dependent cytoplasmic cysteine proteases that can be expressed 
ubiquitously or in a tissue-specific way. In mammals, the calpains have received a great deal 
of attention due to their role in muscle protein turnover and growth, as well as post mortem 
proteolysis. However, studies of these enzymes in fish have been mainly focussed on their 
involvement in post mortem muscle tenderization and texture (Chéret et al. 2007; Caballero 
et al. 2009; Cleveland et al. 2009; Terova et al. 2011), while limited information is available 
on the regulatory role of calpains in fish larvae and on the effect of larvae nutrition on their 
expression levels. 

In our previous studies (Betancor et al. 2011, 2012), when European sea bass larvae were 
fed high contents of DHA, α-TOH alone did not seem to be able to counteract ROS, leading 
to the appearance of axial muscular lesions. To better understand the molecular pathways 
involved in fish larvae muscle dystrophy and healing, the present study generated muscular 
lesions in European sea bass larvae by feeding a diet containing 5% DHA during 3 weeks 
(negative control diet), followed by a “wash-out” period of two weeks when larvae were 
switched to a diet containing only 1% DHA (positive control diet). Growth, survival, TBARS, 
fatty acid profile, α-TOH contents and mRNA levels of CAT, SOD, GPX, IGF-I, IGF-II, MyHC, 
α-actin and µ-calpain (Capn1) genes were studied in order to achieve this objective.  
 

Experimental setup  

Fish and diets 

The experiment was carried out at the Instituto Canario de Ciencias Marinas (ICCM; Telde, 
Canary Islands, Spain). European sea bass larvae were obtained from natural spawnings 
from the Instituto de Acuicultura de Torre de la Sal (Castellón, Spain). Prior to the start of the 
feeding experiment, larvae were fed enriched yeast-fed rotifers (DHA Protein Selco®, INVE, 
Belgium) until they reached 14 days post hatching (dph; total length 8.58±0.64 mm, dry body 
mass 0.36±0.0 mg). Larvae were randomly distributed into experimental tanks (170 L light 



ARRAIN
A P

roj
ec

t 2
01

6

 

 

 

 

36 
This project has received funding from the European Union’s Seventh Programme for research, technological 

development and demonstration under grant agreement No 618105 

 

 

gray color cylinder fiberglass tanks) at a density of 1000 larvae/tank and fed one of two 
experimental diets for 35 days, at a water temperature of 19.5 to 21.0 °C. 

Two experimental groups were defined, consisting of either four tanks for the positive control 
diet (1% DHA) or eight tanks for the negative control diet (5% DHA). Three weeks after the 
start of trial (35 dph), larvae from each tank were individually counted and 200 larvae per 
tank removed for analytical sampling with the remaining larvae placed into three tanks per 
treatment. In addition, the remaining larvae from the 5% DHA group were divided into two 
groups (3 tanks per treatment), with one group continuing to be fed with the same diet and 
the other group switched to a diet containing 1% DHA (5%+1% DHA; “wash-out”) for a 
further two weeks until the end of the experiment (49 dph). 

Two isonitrogenous and isolipidic experimental microdiets (pellet size less than 250 µm) 
similar in their EPA content and different in DHA content were formulated using concentrated 
fish oils EPA50 and DHA50 (CRODA, East Yorkshire, England, UK), as sources of EPA and 
DHA and DL-α-tocopheryl acetate (Sigma-Aldrich, Madrid, Spain) as source of α-TOH.  

 

 
 

Diets were chosen based on previous trials results (Betancor et al. 2011, 2012). A positive 
control diet was formulated to include 1 g DHA/100 g DW and 150 mg α-TOH/100 g DW 
(diet 1% DHA). The negative control diet consisted of 5 g DHA/100 g DW and 150 mg α-
TOH/100 g DW (diet 5% DHA). The protein source, squid meal, was defatted 3 consecutive 
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times with a chloroform:squid meal ratio of 3:1 to allow complete control of the fatty acid 
profile of the microdiet. The microdiet was based on defatted squid meal (2.4% lipid content) 
with EPA50 and DHA50 added in different quantities to obtain the desired ratios. Oleic acid 
(Merck, Darmstadt, Germany) was added to equalize the lipid content in each diet (Table 
4.4.1.2.1). The microdiets were prepared according to Liu et al. (2002) by first mixing the 
squid powder and water soluble components followed by the lipid and fat soluble vitamins 
and, finally, warm water dissolved gelatine. The paste was pelleted and oven dried at 38 °C 
for 24 h. Pellets were ground and sieved to obtain a particle size below 250 µm. Diets were 
analyzed for proximate and fatty acid composition on a dry weight basis, and manually 
supplied fourteen times per day every 45 min from 9:00–19:00. Daily feed supplied was 2, 
2.5 and 3 g/tank during the first, second and third week of feeding respectively. 

 
Growth and survival 

Final survival was calculated by individually counting live larvae at the beginning, middle and 
end of the experiment. Growth was determined by measuring dry body weight (105 °C for 24 
h) and total length (Profile Projector V-12A Tokyo, Nikon) of 30 fish/tank at the beginning (14 
dph), middle (35 dph) and final (49 dph) of the experimental trial. 

 
Biochemical analysis 

At 35 dph, larvae from the two treatments were manually counted and 150 larvae removed 
from each tank, washed with distilled water and kept at −80°C for biochemical analysis. 
Similarly, at the end of the experimental trial (49 dph), following a 12 h starvation period, all 
remaining larvae per tank were washed with distilled water, sampled and kept at −80 °C until 
analysis for biochemical composition, fatty acid methyl esters (FAMEs), α-TOH and TBARS. 
Moisture, protein (A.O.A.C., 1995) and lipid (Folch et al. 1957) contents of larvae and diets 
were analyzed. 

 
Total lipid fatty acid analysis 

Fatty acid methyl esters (FAMEs) were obtained by transmethylation of total lipids as 
described by Christie (1982). FAMEs were separated by GLC and quantified by a flame 
ionization detector (FID; GC-14A, Shimadzu, Tokyo, Japan) under the conditions described 
in Izquierdo et al. (1992) and identified by comparison to previously characterized standards 
and by GLC–MS. 

 
Determination of α-TOH content 

α-TOH concentrations were determined in diets and total larvae by using HPLC. Samples 
were weighed, homogenized in pyrogallol and saponified as described by McMurray et al. 
(1980) for diets and to Cowey et al. (1981) for larval tissues. HPLC analysis was performed 
using 150×4.60 mm reverse phase Luna 5 µm C18 column (Phenomenox, CA, USA). The 
mobile phase was 98% methanol supplied at a flow rate of 1.0 mL/min, the effluent from the 
column was monitored at a wavelength of 293 nm and quantification achieved by 
comparison with (+)-α-tocopherol (Sigma-Aldrich) as external standard. 

 
Measurement of thiobarbituric acid reactive substances (TBARS) 

The measurement of TBARS in triplicate samples was performed using a method adapted 
from Burk et al. (1980). Approximately 20–30 mg of larval tissue per sample were 
homogenized in 1.5 mL of 20% trichloroacetic acid (w/v) containing 0.05 mL of 1% butylated 
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hydroxytoluene in methanol. To this, 2.95 mL of freshly prepared 50 mM thiobarbituric acid 
solution was added before mixing and heating for 10 min at 100 °C. After cooling protein 
precipitates were removed by centrifugation (Sigma 4 K15, Osterode am Harz, Germany) at 
2000 g and the supernatant read in a spectrophotometer (Evolution 300, Thermo Scientific, 
Cheshire, UK) at 532 nm. The absorbance was recorded against a blank at the same 
wavelength. The concentration of TBA-malondialdehyde (MDA) expressed as µmolMDA per 
g of tissue was calculated using the extinction coefficient 0.156 µM−1 cm−1. 

 
Histopathological sampling 

Thirty larvae from each tank were collected every seven days from the beginning of the 
feeding trial for histopathological analysis. Larvae were fixed in 10% buffered formalin, 
dehydrated through graded alcohols, then xylene, and finally embedded in paraffin wax. Six 
paraffin blocks containing 5 larvae per tank were sectioned at 3 µm, and stained with 
hematoxylin and eosin (H&E; Martoja and Martoja-Pearson, 1970). Additionally, ten larvae 
per tank were fixed for 24 h at 4 °C in 2.5% glutaraldehyde in 0.2 M phosphate buffer (pH 
7.2). Samples were then rinsed in phosphate buffer and post-fixed for 1 h in 2% osmium 
tetra oxide in 0.2 M potassium ferrocyanide. Each larva was then embedded in an 
Epon/Araldite resin block. Serial transverse and longitudinal larvae thick sections were cut at 
1 µm, stained with toluidine blue and examined under light microscopy (Hoffman et al. 
1983). 

 
Gene expression analysis 

Molecular biology analyses were carried out at the University of Insubria (Varese, Italy) using 
14, 26, 35 and 49 dph larvae.  
Total RNA was extracted from European sea bass larvae (≈200 mg; pool per tank) using 
PureYield RNA Midiprep System (Promega, Italy). The quantity and purity of RNA was 
assessed by spectrophotometer. Visualization on 1% agarose gel stained with ethidium 
bromide showed that RNA was not degraded. 

 

Generation of in vitro-transcribed mRNAs for standard curves 

We quantified the transcript copies of each target gene (CAT, SOD, GPX, IGF-I, IGF-II, α-
actin, MyHC and Capn1) in D. labrax larvae by using the method of standard curve also 
known as the absolute method of real time quantification. Calibration curves are highly 
reproducible and allow the generation of highly specific, sensitive and reproducible data. The 
standard curves we used, were based on known concentrations of mRNAs, synthesized in 
vitro for each target gene. For this, a forward and a reverse primer were designed based on 
each gene's mRNA sequence. These primer pairs were used to create templates for the in 
vitro transcription of either CAT, SOD, GPX, IGF-I, IGF-II, α-actin,MyHC, or Capn1mRNAs: 
the forward primerswere engineered to contain a T3 phage polymerase promoter gene 
sequence to its 5′ end and used together with the reverse primer in a conventional RT-PCR 
of total sea bass larvae RNA. RT-PCR products were then evaluated on a 2.5% agarose gel 
stained with ethidium bromide, cloned using pGEM®-T cloning vector system (Promega, 
Italy), and subsequently sequenced in T7 and SP6 directions. 

In vitro transcription was performed using T3 RNA polymerase and other reagents supplied 
in the Promega RiboProbe In vitro Transcription System kit according to the manufacturer's 
protocol. The molecular weight (MW) of the in vitro-transcribed mRNAs for each gene was 
calculated according to a standard formula: 
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Generation of standard curves for target genes 

The mRNAs produced by in vitro transcription were then used as quantitative standards in 
the analysis of mRNA copies for each target gene in sea bass larvae. For this, defined 
amounts of in vitro transcribed mRNAs (up to nine orders of magnitude from <102 to >1010 
start molecules) and total RNA extracted from the sea bass samples, were analyzed 
together (in the same 48 wells plate) via Taqman® real-time RT-PCR using One-step 
TaqMan EZ RT-PCR Core Reagents (Applied Biosystems, Italy). RT-PCR conditions were: 2 
min at 50 °C, 30 min at 60 °C, and 5 min at 95 °C, followed by 40 cycles consisting of 20 s at 
92 °C, 1 min at 62 °C. The Ct values obtained by amplification were used to create standard 
curves for target genes. 

 

Target genes transcripts quantification by one-step TaqMan® real-time RT-PCR 

Total RNA (100 ng) extracted from European sea bass larvae samples were analyzed via 
TaqMan® real-time PCR, in parallel to triplicates of 10-fold-diluted defined amounts of 
standard mRNAs, under the same experimental conditions as those used to establish the 
standard curves. Real-time Assays-by-DesignSM PCR primers and TaqMan® gene-specific 
fluorogenic probes were designed by Applied Biosystems. TaqMan® RT-PCR was 
performed on a StepOne Real Time PCR System (Applied Biosystems). To reduce pipetting 
errors, master mixes were prepared to set up triplicate reactions (3×30 µL) for each 
sample.Data from the TaqMan®RT-PCR runswere collectedwith StepOne™ Software v2.0. 
Cycle threshold (CT) values corresponded to the number of cycles at which the fluorescence 
emission monitored in real time exceeded the threshold limit. The Ct values were used to 
create standard curves to calculate the absolute amounts of mRNA in total RNA extracted 
from sea bass larvae. 

 
Statistical analysis 

Statistical analysis was performed using SPSS software (SPSS for Windows 14.0; SPSS 
Inc., Chicago, IL, USA, 2005). Survival, growth, fatty acids methyl esters and molecular 
biology data were tested for normality and homogeneity of variances with Levene's test. 
Where necessary, data were log- or arcsine-transformed before statistical analysis. A Chi-
squared test was employed for incidence of muscular lesions and TBARS content. Survival, 
growth and biochemical analysis data were treated using one-way ANOVA and molecular 
biology results by general linear model (GLM) with means compared by Duncan's test (Sokal 
and Rolf, 1995). Results are presented as means and standard deviation. Tank was 
considered the experimental unit, except for the estimation of the incidence of muscular 
lesions, where each individual larva was considered as a unit. Significance was accepted at 
P≤0.05. 

 

Main results 
 

Growth and survival 

All experimental diets were well accepted by larvae. Dietary DHA increases did not have any 
effect on growth at 35 dph. However, at 49 dph a higher dry weight was observed in 5% 
DHA fed larvae (Table 1). No significant differences were observed in either total length or 
larval survival at any of the sampling points. 
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Table 1 

 

 
 

 

 

 

 

 

Biochemical analysis 

Diet composition was similar among treatments (Table 2). Fatty acids analysis revealed a 
higher percentage of total n−3, in particular and n−3 LC-PUFA, in the 5% DHA diet due to 
the increased DHA content, whereas the 1% diet had a higher monounsaturated level, 
primarily n-9, due to a higher oleic acid content (Table 2).  
 

Table 2 
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At 35 dph larval FA composition closely reflected that of the microdiets fed. Thus, levels of 
22:6n−3, n−3 and n−3 LC-PUFA were significantly lower (P<0.05) in larvae fed the 1% DHA 
diet (Table 3).  

At 49 dph, 2 weeks after starting the “wash-out” period, 5%+1% DHA larvae were similar in 
18:4n−3, 18:1n−9, 22:6n−3, monoenoics, n−6 and n−9 contents compared to larvae fed 1% 
DHA diet (Table 3). However, total n−3 content and n−3 LC-PUFA were similar to those of 
larvae fed both 1% and 5% DHA diets. The highest TBARS content (µmol/g larval tissues), 
an indicator of lipid peroxidation, was detected with an increase in DHA level at 35 dph 
(P=0.001; Table 1). TBARS increased from 35 to 49 dph in all treatments, with a higher 
value in 5% DHA larvae (P=0.025; Table 1). Although larvae fed 5%+1% DHA diet showed 
higher TBARS content than larvae fed 1% DHA diet, no significant differences were found 
(P=0.539; Table 1). 
 

Table 3 

 
 

The α-tocopherol content of European sea bass larvae increased throughout the 
experimental period, increasing by five times by 49 dph compared to 14 dph for all 
treatments. At 35 dph, larvae fed the 5% DHA diet did not reflect dietary content of α-TOH, 
but showed a lower α-TOH value compared to larvae fed 1% DHA diet (P< 0.05;Table 
4.4.1.3.1). However, no differences in α-TOH content (in dry weight) were observed at 49 
dph between larvae fed 1% and 5% DHA diet. 

Histopathological evaluation 

Histopathological examinations revealed the presence of lesions affecting European sea 
bass larvae axial musculature. These lesions showed the typical features of necrotic 
degeneration of muscle, characterized by marked eosinophilia, loss of striations and 
adjacent nucleus. The incidence of muscular lesions increased with DHA dietary content 
(Table 4.4.1.3.1), two times higher in 5% DHA than 1% DHA fed larvae by day 35. The 
change of diet decreased the incidence of muscular lesions by 49 dph. However, the lowest 
incidence of muscular lesions was found in larvae fed the low DHA diet (1% DHA). 

Conversely, incidence of muscular lesions decreased from 35 to 49 dph. More detailed 
features of these muscular lesions could be observed in semithin sections. In severely 
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damaged fibers a coagulation of the muscular proteins could be observed as a darkening of 
affected fibers due to hypercontraction (Fig. 1A). In initial-mild stages of the condition, an 
increase in the presence of vacuoles within fibers was observed, together with the shape 
loss of muscular fibers, alteration of sarcoplasmic membranes, and variation in the diameter 
of fibers (Fig. 1A), especially if compared to the non-injured muscular fibers (Fig. 1B). 

Gene expression analysis 

The general pattern of antioxidant enzymes gene expression in all groups of European sea 
bass larvae was characterized by a rapid increase between 14 and 26 dph, followed at 35 
dph by a decrease to levels slightly higher than those observed at 14 dph (Fig. 2). CAT and 
SOD mRNA copies were higher in larvae fed 5% DHA diet than in those fed 1% DHA at 26 
and 35 dph (P<0.05; Fig. 2.A and B).  

 

 
Fig. 1 A, B- Trasversal semithin sections on the same selected morphological area of 49 dph 
seabass larvae fed 5% DHA (A) or 1% DHA (B) diets. (A) Damaged muscular fibers showing 
hypercontraction of the myofilaments (*) and coagulation of proteins, observed as darkening of the 
fiber (arrow). Besides, loss of the polyedrical structure can be observed, in particular if compared to 
normal muscel (B). 

  



ARRAIN
A P

roj
ec

t 2
01

6

 

 

 

 

43 
This project has received funding from the European Union’s Seventh Programme for research, technological 

development and demonstration under grant agreement No 618105 

 

 

 

 

 

Fig. 2 A, B, C. CAT, SOD and GPX expression levels measured by real time PCR in D. labrax 
larvae fed diets 1% DHA (○), 5% DHA (■) or 5+1% DHA (▲). mRNA copy number of each gene was 
normalized as a ratio to 100 ng total RNA. Different superscript letters denote significant differences 
between treatments within a sampling point (P< 0.05). 
 

GPX expression levels varied throughout the experimental period: at 26 dph, no differences 
were observed (P=0.551; Fig. 2C), but a rapid decrease was detected in 5% DHA fed larvae 
at 35 dph (P=0.012). “Wash-out” influenced the AOE expression in European sea bass 
larvae: expression of SOD and GPX was increased  in 5%+1% DHA (P<0.05) fed larvae. 
Conversely, CAT expression remained similar in “washed-out” larvae compared to larvae fed 
1% DHA or 5% DHA diet (P=0.166; Fig. 2A).  

IGF-I expression levels showed an initial up regulation (from 14 to 26 dph) in both 1% DHA 
and 5% DHA larvae, with significantly higher values in larvae fed 5% DHA diet (P=0.008). At 
35 dph, IGF-I mRNA copies showed a further increase in larvae fed 5% DHA diet (Fig. 3A), 
whereas it decreased in larvae fed 1% DHA diet (P=0.018).  
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Fig. 3. A, B. IGF-I, and IGF-II expression levels measured by real time PCR in D. labrax larvae fed 
diets 1% DHA (○), 5% DHA (■) or 5+1% DHA (▲). mRNA copy number of each gene was normalized 
as a ratio to 100 ng total RNA. Different superscript letters denote significant differences between 
treatments within a sampling point (P< 0.05). 
 

Conversely, at 49 dph a higher mRNA abundance was found in 1% DHA fed larvae 
(P=0.002). At the same sampling point, “washed-out” larvae showed an expression pattern 
similar to that observed in 5% DHA fed larvae. With regards to IGF-II expression, 1% and 
5% DHA larvae showed a similar pattern from 14 to 35 dph (Fig. 3B). At 49 dph, there was a 
1.2 fold increase in IGF-II expression of 1% DHA fed larvae compared to 35 dph. The 
expression levels of IGF-II at this sampling point were significantly higher than those found in 
5% DHA fed larvae (P=0.001). “Washed-out” larvae displayed the same IGF-II expression 
pattern of that showed by 1% DHA fed larvae (Fig. 3B).  

The expression pattern of genes encoding muscular proteins, showed an increase between 
14 and 26 dph, followed by a decrease at 35 dph in both 1% and 5% DHA fed larvae (Fig. 
4). α-actin expression did not show differences in its expression through time (P>0.05; Fig. 
4A). Conversely, one-way ANOVA of α-actin mRNA copies at day 49 indicated that the 
“washed-out” larvae exhibited the lowest expression levels of this gene (P=0.005). MyHC 
expression levels showed a higher value in larvae fed diet 1% DHA by 26 dph (P=0.049; 
Fig. 4B), whereas no differences were found at 35 (P=0.083) or at 49 dph (P=0.166) 
between 1% and 5% DHA fed larvae. Similarly to α-actin expression, MyHC mRNA copies in 
“washed-out” larvae were lowest at 49 dph (P=0.0017). In contrast to MyHC, the “wash-out” 
period increased Capn1 mRNA copies to levels comparable with larvae fed 1% DHA (Fig. 
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4C). No differences were observed between 1% and 5% DHA fed larvae at 26 dph. 
However, a higher expression (P=0.045) was found by day 35 post hatching in larvae fed 
5% DHA diet. GLM analysis denoted a marked interaction between dietary treatments and 
sampling points (P≤0.01) for all the target genes, with the exception of SOD and α-actin, 
which, conversely, did not show differences among diets and sampling points (Table 4). 

 

    

 

Fig. 4 A, B, C. Alpha actin, myosin heavy chain, and µ-calpain expression levels measured by real 
time PCR in D. labrax larvae fed diets 1% DHA (○), 5% DHA (■) or 5+1% DHA (▲). mRNA copy 
number of each gene was normalized as a ratio to 100 ng total RNA. Different superscript letters 
denote significant differences between treatments within a sampling point (P< 0.05). 
 
 
Table 4. 
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Main conclusions 

Feeding European sea bass larvae with high dietary DHA contents, without the adequate 
combination of antioxidants, has deleterious effects on axial musculature, leading to the 
appearance of muscle dystrophy, as has been previously described (Betancor et al. 2011, 
2012). However, there is limited information about the molecular response of larval muscular 
tissue to this pathological alteration. In the present study, the interrelations between the 
gene expression of MyHC and α-actin, the most abundant proteins in skeletal muscle, µ-
calpain, a Ca+2-activated proteolytic enzyme and IGFs was examined together with AOE 
gene expression. 

Although α-TOH contents of all diets were the same (150 mg/100 gDW), at 35 dph the 
highest α-TOH levels were found in larvae fed the lowest level of DHA, indicating that α-TOH 
is influenced by dietary DHA ratio. This suggests that larvae fed higher DHA levels utilized 
more α-TOH as an antioxidant to protect their tissue lipids from the increased oxidation risk. 
These results are similar to previous studies where α-TOH concentration in juvenile or adult 
fish were lower when high contents of n−3 LC-PUFA were included in diets (Puangkaew et 
al. 2005). However, at 49 dph α-TOH contents in European sea bass larvae fed diets with 1 
and 5% of DHA became similar. This could be related to the dependency of younger larvae 
on low molecular weight antioxidants, such as α-TOH to defend from free radicals, as their 
AOE systems are still poorly developed (Rudneva, 1999). Therefore, from 49 dph an 
enhancement in AOE activity could effectively quench ROS, without the need of oxidizing α-
TOH. Conversely, an inverse relationship was observed between TBARS and α-TOH 
contents, with an increase of this aldehyde observed at 49 dph. Similar findings have been 
described in Senegalese sole (Solea senegalensis) larvae (Solé et al. 2004). These results 
may indicate that despite of increase in AOE, this was not enough to counteract ROS 
formation. 

As expected, the different dietary fatty acid compositions were reflected in the fatty acid 
compositions of larvae. Thus, at 35 dph larvae fed the high DHA diet resulted in increased 
body levels of total n−3 LC-PUFA, particularly DHA, whereas the low dietary DHA larvae 
resulted in lower levels of total n−3 LC-PUFA and higher levels of 18:1n−9. Therefore, the 
potential for lipid peroxidation was theoretically higher in larvae fed a diet with a 5% of DHA. 
This is in agreement with the high TBARS values found in larvae fed high DHA diets, being 
more than 3 times higher at 35 dph. The second phase of the experiment involved feeding 
larvae which were previously fed for three weeks with 5% of DHA diet with the diet 
containing 1% of DHA for a period of two weeks. This action lowered 22:6n−3, n-6 and n−3 
LC-PUFA levels, and increased 18:1n−9, monoenoics and n−9 levels similar to values found 
in larvae fed the 1% DHA diet. This result proves for the first time that using a “wash-out” 
period of only two weeks, changing from a 5 to 1% DHA diet, was enough for the larvae to 
reflect the diet content. This short “wash-out” period contrasts with previous studies in 
juvenile fish where “wash-out” periods of 12–18 weeks were necessary to restore fatty acid 
compositions in Atlantic salmon (Bell et al. 2003a,b), 8–12 weeks in gilthead sea bream 
(Izquierdo et al. 2005) or longer than 8 weeks in sunshine bass (Morone chrysops ♀×M. 
saxatilis ♂;Trushenki et al. 2008). Nevertheless, although TBARS values were still higher in 
larvae fed 5% DHA at 49 dph, this difference was less than 2 times higher than larvae fed 
1% DHA with no significant differences in α-TOH levels between larvae fed both diets. 
Similarly, the incidence of muscular lesions decreased from 35 to 49 dph in 5% DHA larvae. 
It must be noted that, in contrast to our previous studies, larvae from current investigation 
were fed from 14 to 49 dph with an experimental dry basis diet only, levels not previously 
tested for such a long period of time. It has been shown that the time or duration of feeding 
is an important additional factor to consider in relation to determining the biochemical 
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responses to oxidative stress (Mourente et al. 2002). On the basis of the present results, it 
seems that from 35 dph, a diet containing 5% of DHA could be suitable for European sea 
bass larvae weaning, in combination with the adequate amounts of antioxidant nutrients. In 
agreement with this, larvae switched to 1% DHA diet exhibited a lower dry weight and α-
TOH content compared to larvae fed 5% DHA diet, indicating that it would be appropriate to 
feed larvae on DHA contents of 1% during the first five to six weeks after hatching and 
increasing the DHA content to 5% after this period, as diminished negative effects 
associated to an altered oxidative status were observed in 5% DHA larvae by 49 dph. 
Similarly, Villeneuve et al. (2006) found earlier that European sea bass larvae were fed with 
a high marine phospholipid content microdiet, the greater its negative effects upon larval 
growth, with larvae more resistant to this treatment at 40 dph.  

Accordingly, in 5% DHA larvae CAT and GPX expression decreased to levels comparable to 
larvae fed 1% DHA diet at 49 dph. From 14 to 35 dph, when European sea bass larvae were 
exposed to high DHA dietary contents (5%), the induction of AOE genes coincided with 
increases in TBARS contents. This is in agreement with previous studies in this species 
(Betancor et al. 2012) and Manchurian trout (Brachymystax lenok) (Zhang et al. 2009), in 
which young fish fed high lipid levels had higher TBARS contents, inducing an antioxidant 
response noticeable as an increase in the activity of AOE. Moreover, in the present study, a 
marked increase in the expression of each AOE was observed from 14 to 26 dph, whereas 
exposure to a high dietary DHA content caused a significant increase in CAT and SOD gene 
expressions in larvae fed with the 5% DHA diet at both 26 and 35 dph. Similarly, juvenile 
rainbow trout fed with high PUFA contents, displayed significantly higher SOD activities 
(Trenzado et al. 2009). Nevertheless, at 49 dph CAT and SOD were less induced, 
suggesting an adjustment in the expression of these two genes at the last sampling point, 
after the supra-induced expression found in the former sampling at 35 dph. This would also 
explain why “washed out” larvae showed the highest mRNA copies of SOD and GPX, as 
larvae may still be adapting to the new dietary treatment. Equally, CAT and SOD activities 
would be expected to parallel each other based on the known action mechanisms of these 
two enzymes together with the fact that superoxide anions are efficiently scavenged by α-
TOH in biological systems (Cay and King, 1980). Thus, the increase in SOD expression 
observed in 5%+1% DHA larvae at 49 dph, accompanied by a decrease in α-TOH content, 
could indicate an increase in the production of superoxide anion radical and the attempt of 
these two antioxidant mechanisms to quench such ROS. Conversely, GPX expression 
differed from the other AOEs, being significantly higher in larvae fed 1% DHA by 35 dph. 
Both CAT and GPX have the capability to remove hydrogen peroxide, thus it would be 
expected to see a certain relationship between these two enzymes as that observed in 
Dentex dentex larvae (Mourente et al. 1999). Accordingly, in the present study, GPX 
expression was reduced,whereas CAT gene expressionwas increased in larvae fed high 
DHA levels. It must be noted that the reduced GPX expression observed would reduce the 
larval tissues capability to cope with hydrogen peroxide, leading to a likely increase in CAT 
activity as an adaptation process (Mahfouz and Kummerow, 2000). SOD gene expression 
was also affected by elevated dietary DHA content. This suggests that larval tissues would 
be able to convert more superoxide radicals to hydrogen peroxide, which is in agreement 
with the high CAT expression found. 

AOE and low molecular weight antioxidants are known to form a primary defense against 
lipid peroxidation, being mainly preventive (Girotti, 1998). Among AOE, GPX seems to be 
the only enzyme able of detoxifying fatty acid hydroperoxides, thereby acting as a secondary 
defense line. Thus, a high GPX gene expression in larvae fed high DHA diets was expected, 
as this fatty acid is being oxidized. However, a low GPX expression was found in larvae fed 
a 5% of DHA. It must be noted that other enzymes, different from GPX, with peroxidative 
activity have been implicated in lipid hydroperoxide detoxification. Phospholipid 



ARRAIN
A P

roj
ec

t 2
01

6

 

 

 

 

48 
This project has received funding from the European Union’s Seventh Programme for research, technological 

development and demonstration under grant agreement No 618105 

 

 

hydroperoxide glutathione peroxidase (PHGPX or GPX 4) can act directly on phospholipid 
hydroperoxides in membranes (Ursini et al. 1991), whereas other GPXs are unreactive 
unless sn−2 fatty acyl bonds are cleaved to liberate fatty acid hydroperoxides (van Kuijka et 
al. 1987). In our case, cytosolic GPX or GPX 1expression has been determined, indicating 
that this enzyme may not be as active as PHGPX in case of DHA in vivo oxidation. 

The role of IGF-I and -II in regulating growth and the profound effect of the nutritional status 
on the IGF system in fish has received much attention in the recent years (Carnevali et al. 
2006; Terova et al. 2007; Mazurais et al. 2008; Enes et al. 2010; Darias et al. 2011; 
Fernández et al. 2011; Hevrøy et al. 2011). However, there are no studies on the implication 
of IGFs in the healing of musculoskeletal tissue in fish, particularly marine fish larvae. The 
progressive increase of IGF-I expression in 1% DHA larvae in the present study was in 
agreement with the high cell proliferation rate, and/or the increase in specific cell activity in 
different tissues during larval morphogenesis (Perrot et al. 1999; Patruno et al. 2008; 
Fernández et al. 2011). However, an abrupt increase in the expression of IGF-I was 
observed in larvae fed 5% DHA diet, which also showed the highest incidence of muscular 
lesions. In mammals, IGF-I levels are upregulated in skeletal muscle undergoing 
regeneration (Chargé and Rudnicki, 2004), suggesting that the increase of this peptide could 
be associated to regenerative processes in European sea bass larvae. Indeed, in a previous 
study (Betancor et al. 2011) abundant satellite cells, which are increased during the first 
phase of muscle regeneration, were detected in injured muscle of European sea bass 
larvae. In fine flounder (Paralichthys adspersus) (Fuentes et al. 2011), an over expression of 
IGF-I, resulted in greater skeletal mass, thus, the increase in the expression of IGF-I 
observed in European sea bass larvae could be related to a compensatory muscle reaction 
in response to the injuries caused by ROS. Contrastly, an increase in MyHC expression has 
been described in mammalian muscle undergoing regeneration processes (Järva et 
al.1997). Initially, muscular regeneration is dominated by a proliferative phase during which 
satellite cells and fibroblasts increase in number (Schultz and McCormick, 1994). Satellite 
cells then fuse to formmyotubes regenerating the muscle, and transcription of muscle-
specific genes, such as myosin and actin, takes place in the new muscle fibers. Therefore, 
the higher MyHC expression in 5% DHA fed larvae from 26 to 49 dph would indicate that a 
regeneration process is taking place. This was confirmed by the high IGF-I expression found 
in 5% DHA larvae from day 26, as this peptide potently activates cell proliferation and DNA 
synthesis via mitogen-activated protein kinase (MAPK) and phosphatidylinositol 3-kinase 
(PI3 kinase) as reported in zebrafish (Pozios et al. 2001). Additionally, IGF-I has been 
showed to increase MyHC protein in denervated skeletal muscle in mouse (Shanely et al. 
2009). However, the highest number of MyHC mRNA copies was found in 1% DHA larvae at 
26 dph, probably mirroring muscular growth and larval development at this stage, as 
themyosin transcripts abundance has reported to be a potential biochemical marker for 
growth in rainbow trout (Overturf and Hardy, 2001), and spotted wolffish (Anarhichas minor; 
Imsland et al. 2006). 

In contrast to IGF-I, IGF-II expression was constant and decreased in larvae from both 
dietary treatments until 35 dph. Transcript levels of this gene were much higher than those 
for IGF-I, coinciding with the results in sea bream larvae (Radaelli et al. 2003), suggesting 
that IGF-II acts earlier than IGF-I in myogenesis. IGFs expression in “washed-out” larvae 
showed irregular patterns, decreasing for IGF-I and increased for IGF-II, supporting the idea 
that different hormonal signals and mechanisms of gene transcription control and regulate 
the expression of both IGF forms (Canalis et al. 1991). From 35 dph on there is a marked 
decrease in both IGF expressions in larvae the fed 5% DHA diet, in which a high expression 
of this gene would be expected due to regeneration processes. No information is available 
about the molecular process of regeneration in fish larvae after a chronic insult, like ROS 
attack. It must be noticed that IGFs exert their effects on cells through the binding to the IGF 
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receptors(IGF-R). An increase in IGF-IR receptors has been described in cultured trout 
muscle cells in response to cell differentiation (Castillo et al. 2004). Nonetheless, a critical 
element in the action of IGF and their receptors are the role of IGF binding proteins 
(IGFBPs), which influence IGF function by enhancing or inhibiting their action (Reinecke et 
al. 2005). Conversely, in mammals, it is known that certain cytokines, such as tumor 
necrosis factor (TNF), produced as a result of any inflammatory process like muscle injury, 
can inhibit the action of IGF and has been demonstrated in chronic muscular diseases 
(Grounds et al. 2008; Gebski, 2009). A full understanding of IGFs function in fish muscle 
regeneration requires further work. 

Regarding α-actin expression, no differences between the 1% and 5% DHA fed larvae were 
observed, nor was any correlation to MyHC or IGF-I, indicating that it could not be 
associated with regeneration process. Although it has been stated that IGF-I induces 
sarcomeric actin filament formation in mammals (Takano et al. 2010), a relationship between 
both molecules could not be proved in the present study. However, it must be noted that 
several α-actin isoforms have been described in fish (Morita, 2000), thus, the reduction of 
the transcript content observed may reflect the switch to the expression of a different actin 
isoform that could not be detected in this study. “Wash-out” had a negative effect (decreased 
transcript levels) on genes encoding for myofibrillar proteins expression such as MyHC and 
α-actin. One of the first alterations observed in European sea bass larvae muscle is due to 
the attack of ROS against the sarcoplasmic membrane, causing dysregulation of cell volume 
and massive intracellular increase in Ca2+ (Cotran et al. 2004). Similarly, elevated 
intracellular Ca2+ concentrations have been found in muscular dystrophies and other 
muscle pathologies in mammals, with this elevated Ca2+ concentration stimulating calpain 
activity (Mongini et al. 1988; Hopf et al. 1996). Accordingly, a higher expression level of µ-
calpain was found in 5% DHA fed larvae, which also showed the highest incidence of 
muscular lesions. In agreement with this, high levels of calpain were found in rapidly 
atrophying muscles in rabbits fed diets deficient in α-TOH (Dayton et al. 1979). Moreover, 
some authors indicate that calpain activity is required for myoblasts to progress in the mitotic 
cycle (Zhang et al.1997) as well as for myoblast fusion (Kwak et al. 1993; Temm-Grove et al. 
1999), suggesting that decreased calpain activity during muscle development may be 
associated with an increased number of myoblasts.  

However, whole larval tissues were used for the gene expression analysis, therefore, the 
expression obtained does not refer exclusively to the muscle and the response of other 
tissues could be affecting the gene expression. In conclusion, an increased oxidative stress 
in European sea bass larvae fed high dietary DHA contents may account for the high 
occurrence of muscular lesions observed in 5% DHA larvae. Supplementation with 150 
mg/100 g of α-TOH did not counteract the negative effects of oxidative stress when 5 g/100 
g of DHA were included in the microdiets. European sea bass larval antioxidant defense 
enzymes appeared to respond strongly to high DHA contents, shown by the high expression 
of CAT and SOD, although elevated lipid oxidation products were observed. High MyHC and 
IGF-I mRNA copies might indicate muscle regeneration. However α-actin and IGF-II 
expression did not support these results, suggesting the implication of different regulation 
mechanisms of these gene's transcription. Calpn1 transcript levels were elevated in 5% DHA 
larvae as pointed out by muscle dystrophy in mammals. Thus, high DHA contents in 
European sea bass larvae diets lead to an alteration of the oxidative status and to the 
appearance of muscular lesions, with the morphological and molecular aspects of mammal 
muscular degenerative disease. Moreover, the “wash-out”period indicated that DHA contents 
of 5% would suit European sea bass larvae requirements from 35 dph, probably due to a 
maturation of their antioxidant defense systems. Further studies are needed in order to 
improve our understanding of the molecular pathways underpinning regeneration processes 
in marine fish larvae. 
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Reference values: 

Catalase gene 
The number of mRNA copies of CAT gene that can be considered as reference value in 
seabass larvae from 14 to 49 days post hatching fed on diets containing 1%, 5%, and 5+1% 
DHA, is in the range 3.50E+05 to 7.00E+05 mRNA copies/ng total RNA. 

Glutathione peroxidase (GPX) gene 

The number of mRNA copies of GPX gene that can be considered as reference value in 
seabass larvae from 14 to 49 days post hatching fed on diets containing 1%, 5%, and 5+1% 
DHA, is in the range 1.00E+05 to 4.00E+05 mRNA copies/ng total RNA. 
 
Superoxide dismutase (SOD) gene 

The number of mRNA copies of SOD gene that can be considered as reference value in 
seabass larvae from 14 to 49 days post hatching fed on diets containing 1%, 5%, and 5+1% 
DHA, is in the range 6.00E+04 to 1.50E+05 mRNA copies/ng total RNA. 

Insulin like growth factor 1 (IGF- 1) gene 
The number of mRNA copies of IGF-I gene that can be considered as reference value in 
seabass larvae from 14 to 49 days post hatching fed on diets containing 1%, 5%, and 5+1% 
DHA, is in the range 3.00E+03 to 1.20E+04 mRNA copies/ng total RNA. 

Insulin like growth factor 2 (IGF- 2) gene 
The number of mRNA copies of IGF-2 gene that can be considered as reference value in 
seabass larvae from 14 to 49 days post hatching fed on diets containing 1%, 5%, and 5+1% 
DHA, is in the range 5.00E+05 to 1.10E+06 mRNA copies/ng total RNA. 

Alpha-actin gene 
The number of mRNA copies of Alpha-actin gene that can be considered as reference 
value in seabass larvae from 14 to 49 days post hatching fed on diets containing 1%, 5%, 
and 5+1% DHA, is in the range 4.00E+07 to 1.10E+08 mRNA copies/ng total RNA. 

Myosin heavy chain (MyHC) gene 
The number of mRNA copies of MyHC gene that can be considered as reference value in 
seabass larvae from 14 to 49 days post hatching fed on diets containing 1%, 5%, and 5+1% 
DHA, is in the range 1.00E+07 to 3.50E+07 mRNA copies/ng total RNA. 

µ-calpain (CAPN) gene 
The number of mRNA copies of CAPN gene that can be considered as reference value in 
seabass larvae from 14 to 49 days post hatching fed on diets containing 1%, 5%, and 5+1% 
DHA, is in the range 1.40E+05 to 2.80E+05 mRNA copies/ng total RNA. 
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3.3.2. Head kidney perfusion trial. Validation procedure and 
responsiveness of selected stress markers after perfusion with PUFAs 

 

Background 

Cortisol is the main corticosteroid in fish (Aluru & Viyajan, 2009), and it is released into the 
blood stream from the interrenal cells under the action of the adenocorticotrophin hormone 
(ACTH) via activation of the Hypothalamus-Pituirary-Interrenal (HPI) axis following a 
stressful situation (Wendelaar Bonga, 1997).  ACTH stimulation of cortisol synthesis is 
mainly dependent on the cyclic adenosine monophosphate/protein kinase A (cAMP/PKA) 
pathway, which involves a signaling cascade integrating G-Proteins, cAMP and PKA (Stocco 
et al., 2005). However, there are other pathways described in fish (Kloas et l., 1994), 
independent from the cAMP activation, including the protein kinase C activation via 
stimulation of angiotensin II or acetylcholine with final activation of genes involved in 
steroidogenesis, such as StAR (steroidogenesis acute regulatory protein). StAR is involved 
in the transport of cholesterol through the mitocondrial membrane of the steroidogenic cells 
to be used as substrate for steroids synthesis (Stocco et al., 2005). However, although 
cAMP is the most important second messenger for trophic hormone stimulated steroid 
biosynthesis, other mechanisms independent of cAMP have been described, including 
macrophage-derived factors, and intracellular calcium and/or chloride ions (Stocco et al., 
2005).   

Once the cholesterol is transported into the mitochondria, a cascade of enzymes such as 
those belonging to the cytochrome P450 family, is activated. Cytochrome P450 11β 
(CYP11b) catalyzes the last step that transforms 11- desoxicortisol to cortisol (Jiang, 1998) 
which is then released to blood stream following a stressful situation. 

It has been reported that the use of vegetable oils in fish diets alters the post stress 
circulating levels of plasma cortisol, both in vivo (Montero et al., 2003; Oxley et al., 2010; 
Ganga et al., 2011a) and in vitro (Ganga et al., 2011b). The limited availability of FO to fullfil 
the increased demand in aquafeeds has induced the necessity to replace this oil by other 
oils, of marine or terrestrial origin (Tacon & Metian, 2008). Among the different oils used in 
aquafeeds industry for such replacement, single VO or their blends seem to be good 
candidates which are being used in the diet of different fish species (Turchini et al., 2009). 
Fish growth is not affected by 60-75% replacement of FO with alternative lipid sources, if 
essential fatty acids (EFA) requirements are fulfilled. However, high levels of FO 
replacement can induce negative effects in marine fish, depending on fish size, water 
temperature, the type of oil used, and the amount of fish meal used in the diet (Sales & 
Glencross, 2010). 

Vegetable oils are abundant in n-6 and n-9 18:C PUFAs, mainly linoleic (18: 2n-6, LA) and 
alpha-linolenic (18: 3n-3, ALA) acids, but are poor sources of long-chain polyunsaturated 
fatty acids (LC-PUFAs), including eicosapentaenoic (EPA; 20:5n-3), docosahexaenoic (DHA; 
22:6n-3) and arachidonic acid (ARA; 20:4n-6), which are essential for marine fish. Although 
VOs have been used in diets for marine fish species (Turchini et al., 2009; Sales & 
Glencross, 2010), the reduction of the health-promoting effects provided by LC-PUFAs can 
be induced if a non-well balanced blend of oils is used (Turchini et al., 2009). Indeed, the 
use of certain VO has been reported to alter different immune system-related parameters 
(Montero & Izquierdo, 2010) and to affect also the stress response in different marine 
species (Oxley et al., 2010; Jutfelt ety al., 2007). In particular, ALA has been shown to 
increase the in vitro release of cortisol from gilthead sea bream interrenal cells, whereas LA 
produced the same effect but delayed in time (Ganga et al., 2011b). As for the different 
EFAs, the deficiency of n-3 HUFAs has been shown to alter the post-stress plasma cortisol 



ARRAIN
A P

roj
ec

t 2
01

6

 

 

 

 

52 
This project has received funding from the European Union’s Seventh Programme for research, technological 

development and demonstration under grant agreement No 618105 

 

 

levels in gilthead sea bream (Montero et al., 1998) and ARA has been reported to affect 
whole body cortisol levels in larval stages of this species (Koven et al., 2001; Koven et al., 
2003; Van Anholt et al., 2004; Alves Martins et al., 2013). 

However, the specific mechanisms involved in the modulation of the cortisol release by 
different fatty acids are still poorly understood. Ganga and co-authors (Ganga et al., 2006; 
Ganga et al., 2011b) demonstrated that the role of different fatty acids in the release of 
cortisol from the anterior kidney is mediated, at least in part, by the action of cyclo-
oxygenase (COX) and lipo-oxygenase (LOX) metabolites (Ganga et al., 2006; Ganga et al., 
2011b), in a cAMP dependent manner. However, these authors suggested mechanisms 
other than COX and LOX metabolites, in which certain fatty acids, such as DHA, modulate 
the release of cortisol from the interrenal cells (Ganga et al., 2006), but they did not define 
such mechanisms.  

In more recent studies, it has been shown that dietary fatty acids are able to modulate the 
expression of stress response related genes in different marine fish species (Alves Martins 
et al., 2013; Benitez-Dorta et al., 2013), as it occurs in mammals (Wang et al., 2003a; 
2003b; 2006). The LC-PUFAs have been shown to down-regulate the expression of genes 
involved in the release of cortisol, such as StAR. Wang et al. (2006) described the role of 
ARA and epoxygenase metabolites from ARA in the cAMP-stimulated steroidogenesis and 
in the expression of StAR gene in MA-10 mouse Leydig cells. ARA regulation of 
steroidogenesis has also been described to be mediated by the 5-lipoxygenase metabolites 
(Cook et al., 2013). Wang et al. (2003b) also described an effect of COX-2-derived ARA 
metabolites in steroidogenesis through StAR gene expression. 18ºC fatty acids have been 
shown to alter the adrenal steroidogenesis both in vivo and in vitro (Chin et al., 2006; 
Hodges et. al., 2006). In fish, the role of dietary lipids on StAR expression remains unclear. 
Only some effects of ARA in Senegalese sole whole post-larval StAR gene expression has 
been described (Alves Martins et al., 2013), without finding a clear correlation between 
dietary levels of ARA and the expression of this steroidogenic gene. 

The regulation of steroidogenesis has been also linked to the action of the AP-1 (activator 
protein) family member c-fos (Stocco et al., 2005; Shea-Eaton et al., 2002). The c-fos gene 
is well-known as an immediate early gene because it is rapidly expressed in several 
mammalian brain sites in response to various stressful stimuli, including CO2/H+ elevation 
(Sato et al., 1992). The product of this gene, the c-fos protein, is a nuclear factor, which 
regulates gene transcription by binding to AP-1 regulatory elements in the promoter and 
enhancer regions of numerous genes (Curran & Franza, 1998). Its biochemical 
characteristics and molecular nature have been widely studied but, most of the research has 
been done using mammalian model species. Indeed, studies on c-fos expression under 
hypercapnic stress conditions have been carried out on mouse (Tankersley et al., 2002) and 
rat (Teppema et al, 1992; Pete et al., 2002). In both species, following CO2 stimulation, the 
expression of c-fos gene was induced within minutes. In fish, c-fos gene has been cloned in 
some species, such as Tetraodon negroviridis, Carassius auratus, Ctenopharyngodon idella, 
Oncorhynchus mykiss, Rivulus marmoratus, and Dicentrarchus labrax (Matsuoka et al., 
1998; Trower et al., 1996; Li et al., 2004; Rimoldi et al., 2009) but, to our knowledge, there is 
no information on tissue expression patterns of c-fos gene related to different dietary fatty 
acids and stressful conditions in fish.  

Cortisol effects in the cell are mediated by the glucocorticoid receptors (GR), which are 
members of the nuclear receptor superfamily that act as ligand-dependent transcription 
factors (Mommsen et al., 1999). Within the cytosol, GR is present in a non-activated form 
together with heat shock proteins (HSPs) such as HSP70 and HSP90, whose functions are 
the assembly, functionality and transport of GR (Pratt & Toft, 1997). HSPs are associated to 
the GR until a hormone signal, such as cortisol, induces a conformation with lower affinity for 
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HSPs, dissociating GR from the HSPs. Then, the receptors translocate into the nucleus and 
bind to a specific DNA region, the glucocorticoid response element (GRE), to regulate the 
transcription of glucocorticoid responsive genes (Aluru & Viyajan, 2009; Vijayan et al., 2005; 
Terova et al., 2005). Activated HSP90 and HSP70 play a role in the assembling of other 
proteins, and they are involved in regulation of kinetic partitioning between folding, 
translocation and aggregation, as well as in immune, apoptotic and inflammatory processes 
(Roberts et al., 2010).  

The effect of different fatty acids in the GR activation has been described in mammals 
Ranhotta & Sharma, 2004). However, little is known about the effect of dietary lipids on GR 
transcripts in fish. Benitez-Dorta et al. (2013) showed an effect of dietary oils on the GRs 
gene expression in different tissues of Senegalese sole subjected to stress. Besides, certain 
fatty acids, and their metabolites, such as ARA have been shown to regulate HSPs in 
humans (Jurivick, 1984). HUFAs have been described to exert a heat-shock-induced 
increase of HSP70 gene expression in leukocytes isolated from the pronephros of rainbow 
trout following incubation with DHA and ARA compared with un-supplemented cells 
(Samples, 1999), whereas Benitez-Dorta et al. (2013) reported a reduced gene expression 
of HSPs in different tissues of the Senegalese sole fed vegetable oil based diets.   

Accordingly, the aim of the present study was to validate a set of stress-related genes under 
different dietary conditions: a) different fatty acids on cortisol production in ACTH-stimulated 
head kidney (in vitro study) and b) arachidonic acid (20: 4n-6) on European sea bass larvae 
(in vivo study). 

 
Experimental setup 

In vitro experiment  

Animals and experimental conditions 

Sexually immature European sea bass (Dicentrarchus labrax) (161.3 ± 14.5g), supplied by a 
Spanish fish farm, were distributed into four 1 m3 fibreglass tanks collected to an open 
seawater circulation system (facility of the University of Las Palmas de Gran Canaria) and let 
to acclimate for one month. Fish were maintained at a temperature of 23.3- 23.5 ºC with 
natural photoperiod (12L: 12D) and fed twice a day for six days/week with a commercial feed 
(Biomar Iberia, Dueñas, Spain). Animals were fasted 24 h before the superfusion trial, to 
avoid feed interference. 

 

Preparation and stimulation of head kidney tissue 

After the acclimation period, two fish for each superfusion trial were randomly taken from 
each tank and anaesthetized. Blood was collected from the caudal vein to minimize 
hemorrhage when dissecting the tissue. The superfusion protocols that we followed have 
been described in our two previously publications (Ganga et al., 2006; 2011b). Head kidney 
tissue was removed from eight fish for each superfusion trial, weighed, homogenated and 
kept in Hepes Ringer solution that was used as the perfusion medium (Rotllant et al., 2001). 
Then, 200 mg of head kidney homogenates were pooled and distributed in each of the eight 
perfusion chambers of 0.2 ml volume in order to obtain a homogeneous aliquot of each of 
them. The temperature of the superfusion system was maintained at 18ºC, and a Masterplex 
L/SR multichannel peristaltic pump (Ganga et al., 2011b) pumped the medium at a rate of 75 
ml/min.  After a stabilisation period of 180 min (necessary for cortisol to reach a stable 
baseline level), tissues were stimulated with ACTH (5 nM hACTH1-39) for 20 min. Then, 
superfusion was maintained and fraction of tissues and supernatant were collected at, 
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before, and after 60 min of fatty acid addition (see below), and then at 20, 40, 60, 110, 160 
and 250 min after ACTH stimulation.  

The whole pooled head kidney tissues from each sampling point were stored at -80ºC until 
analysis. Samples were sent to the Department of Biotechnology and Molecular Sciences of 
the University of Insubria (Varese, Italy) for gene expression analysis.  

Supernatant from each sampling point were kept at – 20ºC and then sent to the Laboratory 
of Physiology and Cell Biology of the Universitat Autonoma de Barcelona (Barcelona, Spain) 
for cortisol analysis.  
 

Perfusion fatty acid treatments 

Five different fatty acid treatments and a control sample without fatty acid addition, were 
tested in this study. The fatty acids used were eicosapentaenoic (EPA-treatment), 
docosahexaenoic (DHA-treatment), arachidonic (ARA-treatment), linoleic (LA-treatment) and 
alpha linolenic (ALA-treatment). The protocol of “control“ was similar to that of the 
“tratments“ with the exception that after stabilisation period (180 min) and before ACTH 
stimulation, tissues were incubated for one hour with fatty acids diluted in less than 0.5 % of 
ethanol/medium v/v at a concentration of 50 µM, as previously described (Ganga et al., 
2006). Each fatty acid was assayed in triplicate.  
 

Cortisol measurements 

Cortisol concentration in the supernatant was determined by RIA in all samples (fatty acid 
treatments and controls) following the method of Rotlland et al (2000). The antibody used for 
the assay was purchased from Biolink, S.L. (Costa Mesa, CA, USA) in a final dilution of 
1:6000. The cross reactivity of this antibody is 100% with cortisol, 11.40% with 21-
desoxycorticosterone, 8.90% with 11-desoxycortisol and 1.60% with 17a-
hydroxyprogesterone. The radioactivity was quantified using a liquid scintillation counter. 
Cortisol levels are given as ng/g tissue/h, as previously described by Ganga et al. (2006). 
 

In vivo experiment  

Experimental diets 

Three isonitrogenous and isolipidic (64/19 protein/lipid) experimental microdiets (Pellet size 
< 250 µm) similar in their DHA and EPA content (5 and 3%, respectively) with EPA/DHA 
ratio constant among diets) and with increasing ARA levels (0.3, 0.6 and 1.2 %) were 
formulated using EPA50, DHA50 (CRODA, East Yorkshire, England, UK) and ARA44 
(Polaris, Pleuven, France) as sources of EPA, DHA and ARA, respectively. A commercial 
feeding protocol with enriched Artemia was used as a control diet.  
 

Experimental fish 

European sea bass larvae from natural spawning, were purchased from Ecloserie Marine de 
Gravelines, Gravelines, France. The experiment was carried out at the facilities of Canary 
Institute of Marine Sciences (Telde, Las Palmas, Canary Islands, Spain). Larvae (standard 
length 6.77 ± 0.71 mm (mean ± SD), dry body weight, 350 µg], were fed a commercial 
microdiet until they reached 18 days old. Larvae were then randomly distributed into the 
experimental tanks at a density of 1200 larvae/tank, water temperature 19.6 to 20.9 ºC, and 
fed one of the experimental diets tested in triplicates (three tanks /diet) for 14 days. All tanks 
(170 L light grey colour cylinder fibreglass tanks) were supplied with filtered seawater (37 
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ppm salinity) at a rate of 0.4 - 1.0 L/min to assure good water quality throughout the trial. 
Water was continuously aerated (125ml/min) obtaining 5-8 g/L of dissolved O2 and 60-80% 
of saturation in all tanks. Water quality was daily tested. Photoperiod was kept at 12h light: 
12h dark. 

 

Sampling procedures 

At the end of the experiment (32 days), twenty larvae from each tank were sampled 
randomly, quickly frozen in liquid nitrogen and then kept at -80º, until gene expression 
analysis.  
 

Preparation of total RNA and cDNA synthesis 

Total RNA was extracted from all the samples using PureYield RNA Midiprep System 
(Promega, Italy), following the protocol described in PureYield™ RNA Midiprep System 
Technical Manual #TM279, available online at: www.promega.com/tbs. This kit isolates 
intact, pure total RNA from essentially any sample type for use in a wide range of 
applications. The use of a novel Clearing Agent enables the rapid purification of total RNA 
with undetectable levels of genomic DNA contamination without using DNase. The quantity 
of the extracted RNA was calculated using the absorbance at 260 nm, whereas the integrity 
of RNA was assessed by agarose gel electrophoresis. Crisp 18S and 28S bands, detected 
by ethidium bromide staining were indicator of the intact RNA. 
 

Quantitative real-time RT-PCR 

Generation of in vitro-transcribed mRNAs for standard curves 

The approach used for the real-time quantification of our target genes expression relied on 
the standard curve method for target mRNA quantification. The target genes were c-fos, 
StAR, CYP11beta and HSP70. Following this method, the number of each gene transcript 
copies was quantified by comparing them with a standard graph constructed using the 
known copies of mRNAs of each target gene. The first step in this direction is the generation 
of standards of mRNAs by in vitro-transcription. As an example, in the case of c-fos, a 
forward and a reverse primer were designed based on the mRNA sequences of D. labrax  c-
fos we have previously identified (38) (Genebank accession nº.  DQ838581). This primer 
pair was used to create templates for the in vitro transcription of mRNAs for c-fos: The 
forward primer was engineered to contain a T3 phage polymerase promoter gene sequence 
to its 5’ end (5’-caattaaccctcactaaagggTCTCACAGAGCTCACCCCTA- 3’) and used together 
with the reverse primer (5’- TGGTCTCCATTACTCCTTCCC -3’) in a conventional RT-PCR 
of total sea bass head kidney RNA. RT-PCR products were then checked on a 2.5 % 
agarose gel stained with ethidium bromide, cloned using pGEM®-T cloning vector system 
(Promega, Italy) and subsequently sequenced in the SP6 direction.  

In vitro transcription was performed using T3 RNA polymerase and other reagents supplied 
in the Promega RiboProbe In Vitro Transcription System kit according to the manufacturer’s 
protocol. The molecular weight (MW) of the in vitro-transcribed RNA for c-fos was calculated 
according to the following formula:  

c-fos MW = [129(n° of A bases) x 329.2) + 69 (n° of U bases) x 306.2) + 66(n° of C bases) x 
305.2) + 98(n° of G bases) x 345.2) ] + 159. The result was 126182.2. Spectrophotometry at 
260 nm gave a concentration of 132.8 ng/µl for c-fos. Therefore, the concentration of the 
final working solution was 6.34 x 1011 molecules/µl.  
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The same aforementioned approach was used for the in vitro transcription of the other target 
genes such as StAR, CYP11beta, GR, HsP90 and HSP70.  

 

The primers used were the followings: 

StAR (GeneBank accession nr. EF409994):  

 forward (5’- gtaatacgactcactatagggACTCAGCACCCGAAAATGC - 3’);  

 reverse (5’- ACTTTGCCAACCACCTCAG -3’)  

CYP11beta (GeneBank accession nr. AF449173):  

forward (5’- gtaatacgactcactatagggCTCAAGAACGGTGAGGAGTGG - 3’);  

reverse (5’- CTTCTCCTCATCTCCCTCCA -3’)  

GR (GeneBank accession nr. AY549305):  

forward (5’- GCCTTTTGGCATGTACTCAAACC - 3’);  

reverse (5’- GAACAGGTATGGAGAGTCGTCCC -3’).   

HSP90 (GeneBank accession nr. AY395632):  

forward (5’- CCAACGACTGGGAGGATCAC - 3’);  

reverse (5’- GAGTTCCGGGCCCTGC -3’).   

HSP70 (GeneBank accession nr. AY423555):  

forward (5’- caattaaccctcactaaagggCCATCCTGACCATCGAAGAC - 3’);  

reverse (5’- TTGTCCATCTTGGCGTCAC -3’). 

 

The molecular weight (MW) of the in vitro-transcribed RNAs calculated according to the 
aforementioned formula were 117433.8 for HSP70; 73451.4 for StAR, and 96414.6 for 
CYP11. Spectrophotometry at 260 nm gave a concentration of 33.7 ng/µl for HSP70; 201.1 
for CYP11b, and 104.0 for StAR. Therefore, the concentration of the final working solutions 
were 1.73 x 1011 molecules/µl for HSP70, 1.26 x 1012 for CYP11b, and 8.53 x 1011 
molecules/µl for StAR.  
 

Generation of standard curves for stress related genes  

The mRNAs of target genes produced by in vitro transcription were used as quantitative 
standards in the analysis of experimental samples. Defined amounts of mRNAs of each 
gene, at 10-fold dilutions, were subjected to real-time PCR using One-Step TaqMan EZ RT-
PCR Core Reagents (Life Technologies, Italy), including 1x Taqman buffer, 3 mM MnOAc, 
0.3 mM dNTP except dTTP, 0.6 mM dUTP, 0.3 µM forward primer, 0.3 µM reverse primer, 
0.2 µM FAM-6 (6-carboxyfluorescein-labeled probe), 5 units rTH DNA polymerase, and 0.5 
units AmpErase UNG enzyme in a 30 µl reaction. AmpErase® uracil-N-glycosylase (UNG) is 
a 26-kDa recombinant enzyme encoded by the Escherichia coli uracil-N-glycosylase gene. 
UNG acts on single-and double-stranded dU-containing DNA. It acts by hydrolyzing uracil-
glycosidic bonds at dU-containing DNA sites. The enzyme causes the release of uracil, 
thereby creating an alkali-sensitive apyrimidic site in the DNA. The enzyme has no activity 
on RNA or dT-containing DNA. For Taqman® assays, AmpErase® UNG treatment can 
prevent the reamplification of carry over PCR products from previous PCR reactions. When 
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dUTP replaces dTTP in PCR amplification, AmpErase UNG treatment can remove up to 
200,000 copies of amplicon per 50 µl reaction. RT- PCR conditions were: 2 min at 50°C, 30 
min at 60°C, and 5 min at 95°C, followed by 40 cycles consisting of 20 s at 92°C, 1 min at 
62°C. The Ct values obtained by amplification were used to create standard curves for target 
genes. 
 

Quantification of transcripts by One-Step TaqMan real time RT-PCR. 

A hundred nanograms of total RNA extracted from the experimental samples was subjected, 
in parallel to 10-fold-diluted, defined amounts of standard mRNA, to real-time PCR under the 
same experimental conditions as for the establishment of the standard curves. Real-time 
Assays-by-DesignSM PCR primers and gene-specific fluorogenic probes were designed by 
Life Technologies. Primer sequences and Taqman probe of the four target genes were the 
followings: 
 
c-fos:    

Forward primer: 5’- CAGCAAAATGCCGCAACAG - 3’ 
Reverse primer: 5’- TGGACTTCTCATCCTCTAGCTGATC - 3’  
Taqman® probe. 5’- GAGCTTACAGACACTCTG - 3’ 

StAR:   
Forward primer: 5’- AGCGGAGAATGGACCTACCT - 3’ 
Reverse primer: 5’- GAAGACCCAAATAAGACCAAGTTCAC - 3’  
Taqman® probe. 5’- ATAGTCATGAAGCCCTGTG - 3’ 

CYP11b:    
Forward primer: 5’- CTTCGGCAGTAAAGTGCTTTCTAC - 3’ 
Reverse primer: 5’- GGATTTCTGTCGAATGCTGCG - 3’  
Taqman® probe. 5’- GCTTGATGAGGTGGCGA - 3’ 

HSP70:     
Forward primer: 5’- GGACATCAGCCAGAACAAGAGA - 3’ 
Reverse primer: 5’- GAGAACCCTGTCCTCCAGC - 3’  
Taqman® probe. 5’- GCTTGTGAGAGGGCCAA - 3’ 

GR:        
Forward primer: 5’- GCCTTTTGGCATGTACTCAAACC - 3’ 
Reverse primer: 5’- GAACAGGTATGGAGAGTCGTCC - 3’  
Taqman® probe. 5’- GTGGTTGGGGAGAGCTG - 3’ 

HSP90:     
Forward primer: 5’- CCAACGACTGGGAGGATCAC - 3’ 
Reverse primer: 5’- GAGTTCCGGGCCCTGC - 3’  
Taqman® probe. 5’- CTGTCAAGCACTTCTCG - 3’ 

 

One Step TaqMan® PCR was performed on a StepOne Real Time PCR System (Life 
Technologies). To reduce pipetting errors, master mixes were prepared to set up duplicate 
reactions (2 x 30 µl) for each sample.  
 

Sample quantification 

Data from Taqman® PCR runs were collected with StepOne Real Time Sequence Detector 
Program. CT (cycle threshold) values corresponded to the number of cycles at which the 
fluorescence emission monitored in real time exceeded the threshold limit. The Ct values 
were used to create standard curves to serve as a basis for calculating the absolute 
amounts of mRNA in total RNA.  
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Statistical analysis 

The data were statistically compared using one-way analysis of variance (ANOVA). The 
level of statistical significance was set at P< 0.05. 

 

Main results 
 
In vitro study 

Cortisol released from superfused head kidney.  

Basal cortisol values were obtained after stabilization period (180 min) and no significant 
differences were found among values of different fatty acid treatments. After one hour of 
incubation with fatty acid, the release of cortisol remains low (Fig. 1).  

 

 
Figure 1. Absolute cortisol secretion (ng/g Hk/h) by European sea bass head kidney (Hk) 
after ACTH stimulation following incubation with HUFA (different letters for a given time 
indicate significant differences P<0.05) 
 
 

After ACTH stimulation, cortisol values increased in all the experimental groups, being 
values obtained for head kidney from EPA, DHA, LA and ALA treatments significantly higher 
(P<0.05) when compared with the control group after 20 min of ACTH stimulation. At 40 min 
after ACTH stimulation, cortisol of ALA, ARA and EPA treatments were significantly higher 
(P<0.05) that the control values. After 60 min of ACTH stimulation values of cortisol of head 
kidney from ALA treatment showed the highest values, within all the superfusion trial, being 
significantly (P<0.05) higher for all the sampling points except for 160 min after ACTH 
stimulation.  
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Creation of standard curves for absolute quantitation of c-fos, StAR, CYP11b, and HSP70 
transcripts 

The correct template length including the T3/T7 promoter was verified by 2% agarose gel 
electrophoresis. Quality and purity of mRNAs were confirmed by the ratio of absorptions at 
280/260 nm, i.e., 1.8-2.0.  

To obtain threshold cycle (Ct) values for each of the four target genes, defined quantities at 
10-fold dilutions of c-fos, StAR, CYP11b, and HSP70 mRNAs were subjected to a One-Step 
real-time RT-PCR. The standard curves created for each gene were based on the linear 
relationship between the Ct value and the logarithm of the starting amount. Figure 2 (A, B) 
shows an example of such standard curves generated for c-fos and HSP70 genes. 

 

 

  
Figure 2. A) Standard curve for c-fos obtained by amplification curves of descending 10-fold 
dilutions of standard mRNAs. Defined amounts of mRNAs were subjected to real-time PCR 
using standard curve One-Step TaqMan technology. B) Standard curve for HSP70 obtained 
by amplification curves of descending 10-fold dilutions of standard mRNAs. Defined amounts 
of mRNAs were subjected to real-time PCR using standard curve One-Step TaqMan 
technology. 
 
 

StAR, c-fos, CYP11b, GR, HSp70 and HSP90 mRNA copies in sea bass anterior kidney 
cells during the perfusion trial 

The absolute mRNA levels of StAR was not significantly (P>0.01) affected by the type of 
fatty acid in the perfusion trial (Fig. 3). However, the use of ALA induced an increase of the 
absolute expression of StAR after 60 min of ACTH pulse, being the value for this group 
double that those obtained for the other fatty acids used in the perfusion trial.  
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Figure 3. Expression levels of steroidogenic acute regulatory protein (StAR) gene measured 
by real-time PCR in D. labrax head kidney cells in the course of the perfusion trial. StAR 
mRNA copies was normalized as a ratio to 100 ng total RNA. Cells were sampled after the 
stabilization period (0 hours), 60 min after HUFA incubation, 20 min after ACTH stimulation, 
and then sequentially at 40, 60, 110, 160, and 250 min following ACTH pulse. The means of 
three replicates in each sampling point are shown. Bars indicate standard error of the mean.  
  



ARRAIN
A P

roj
ec

t 2
01

6

 

 

 

 

61 
This project has received funding from the European Union’s Seventh Programme for research, technological 

development and demonstration under grant agreement No 618105 

 

 

C-fos in the sea bass head kidney cells in response to the perfusion trial are presented in 
Fig. 4. Incubation for 60 min with DHA, ALA and ARA contributed to a significant increase of 
c-fos transcripts (P< 0.01) in the sea bass head kidney cells after 20 min of ACTH induction, 
as compared to the controls: DHA was the fatty acid that induced the highest c-fos level of 
expression with 5.13E+03 mRNA copies/ng total RNA, followed in a decreasing way by ALA 
with 2.51E+03, and ARA with 1.31E+03. The same time of incubation did not have an effect 
on c-fos transcript levels in cells incubated with either EPA or LA. Indeed, in these cells the 
mRNA copies was the same as in the controls. Subsequently, the expression levels of c-fos 
in different treatment groups fluctuated insignificantly as compared to the control values till 
the end of the perfusion trial (Fig. 4). 

 
 

 
Figure 4. Expression levels of c-fos gene measured by real-time PCR in D. labrax head 
kidney cells in the course of the perfusion trial. c-fos mRNA copies was normalized as a ratio 
to 100 ng total RNA. Cells were sampled after the stabilization period (0 hours), 60 min after 
HUFA incubation, 20 min after ACTH stimulation, and then sequentially at 40, 60, 110, 160, 
and 250 min following ACTH pulse. The means of three replicates in each sampling point 
are shown. Bars indicate standard error of the mean. Differences were determined by one-
way ANOVA. (*) indicates significantly different means from controls, for the time point 
tested (P < 0.01).  
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No significant effects (P>0.01) of the type of fatty acid used during the perfusion trial was 
found on CYP11b absolute expression. ARA, ALA and DHA treatments at 20 min after 
ACTH stimulation reached values up to 7.0E+06 for ARA and 2.8E+06 for ALA and DHA in 
comparison to 0.8E+0.6 for the rest of the experimental groups including the control (Fig 5).  

 

 
Figure 5. Expression levels of Cytochrome P450 11β (CYP11b) gene measured by real-time 
PCR in D. labrax head kidney cells in the course of the perfusion trial. CYP11b mRNA 
copies was normalized as a ratio to 100 ng total RNA. Cells were sampled after the 
stabilization period (0 hours), 60 min after HUFA incubation, 20 min after ACTH stimulation, 
and then sequentially at 40, 60, 110, 160, and 250 min following ACTH pulse. The means of 
three replicates in each sampling point are shown. Bars indicate standard error of the mean.  
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No effects of the type of fatty acid used within the perfusion trial were found in the absolute 
expression of GR or HSP90 (Figs 6 & 7).  
 

 
Figure 6. Expression levels of glucocorticoid receptor (GR) gene measured by real-time 
PCR in D. labrax head kidney cells in the course of the perfusion trial. GR mRNA copies was 
normalized as a ratio to 100 ng total RNA. Cells were sampled after the stabilization period 
(0 hours), 60 min after HUFA incubation, 20 min after ACTH stimulation, and then 
sequentially at 40, 60, 110, 160, and 250 min following ACTH pulse. The means of three 
replicates in each sampling point are shown. Bars indicate standard error of the mean.  
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Figure 7. Expression levels of HSP90 gene measured by real-time PCR in D. labrax head 
kidney cells in the course of the perfusion trial. HSP90 mRNA copies was normalized as a 
ratio to 100 ng total RNA. Cells were sampled after the stabilization period (0 hours), 60 min 
after HUFA incubation, 20 min after ACTH stimulation, and then sequentially at 40, 60, 110, 
160, and 250 min following ACTH pulse. The means of three replicates in each sampling 
point are shown. Bars indicate standard error of the mean. 

 

However, the ACTH stimulation was associated with a significant increase of HSP70 
transcripts (Fig. 8). Indeed, at 40 min from the ACTH pulse, the HSP70 mRNA copies in 
cells incubated with LA, DHA, EPA, and ALA, resulted significantly higher than that of the 
controls (p < 0.01), whereas the number of transcripts in cells incubated with ARA remained 
at the same point, equal to that of the controls.  At 40 min after the ACTH pulse, previous LA 
incubation induced the highest expression of HSP70 with 2.45E+05mRNA copies/ng total 
RNA, followed in a decreasing way by DHA with 1.76E+05, EPA with 1.59E+05, and LNC 
with 1,06E+05 copies/ng total RNA. At 60 min after the ACTH pulse, the expression levels of 
HSP70 in LA, DHA, EPA, and ALA groups decreased significantly as compared to the 
previous sampling point (40 min), and then fluctuated insignificantly as compared to the 
control values till the end of the perfusion trial (Fig. 8). 
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Figure 8. Expression levels of HSP70 gene measured by real-time PCR in D. labrax head 
kidney cells in the course of the perfusion trial. HSP70 mRNA copies was normalized as a 
ratio to 100 ng total RNA. Cells were sampled after the stabilization period (0 hours), 60 min 
after HUFA incubation, 20 min after ACTH stimulation, and then sequentially at 40, 60, 110, 
160, and 250 min following ACTH pulse. The means of three replicates in each sampling 
point are shown. Bars indicate standard error of the mean. Differences were determined by 
one-way ANOVA. (*) indicates significantly different means from controls, for the time point 
tested (P < 0.01). 
 

 

The transcript copies of oxidative stress related genes CAD, SOD and GPX genes in 
different groups at time zero, after incubation for 60 min with different fatty acids, and at 
different time points after ACTH pulse did not show any significant differences from the 
controls. 
 
 
In vivo study 

Larval culture performance 

Fish accepted well all the experimental diets. Final survival rate was high for this type of 
trials (45% average survival rate) and it was correlated to dietary ARA contents (r2 = 
0.9997). Increased levels of dietary ARA markedly improved larval growth (P<0.05) (4.03 ± 
0.38b; 4.71± 0.62ab; 5.26 ± 0.24a, for 0.3, 0.6 and 1.2 ARA, respectively), being statistically 
significant. Whole body lipid content of the larvae was not significantly affected by the 
experimental diets and fatty acid composition of total lipids from whole larval body reflected 
the dietary fatty acid profiles. Thus, increased dietary ARA levels were followed by increased 
18:0, 18:2n-6 and ARA and reduced monounsaturated and n-9 fatty acids, 18:1n-9, EPA and 
DHA.  
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Gene expression 

The level of dietary arachidonic induced significant changes on genes related to cortisol 
synthesis in European sea bass larvae. Larvae fed with diet 0.3ARA showed the highest 
CYP11β gene expression level, being higher than 0.6ARA and 1.2ARA diets (Fig. 9).  

 

 
Figure 9. Expression levels of CYP11B gene measured by real-time PCR in D. labrax larvae 
fed different levels of . CYP11B mRNA copies was normalized as a ratio to 100 ng total 
RNA. The means of three replicates in each sampling point are shown. Bars indicate 
standard error of the mean. Differences were determined by one-way analysis of variance 
(ANOVA). (*) indicates significantly different means from controls, for the time point tested (P 
< 0.05). 
 

The expression of StAR decreased as ARA increased in the diet, showing larvae fed with 
1.2ARA diet the lowest StAR expression (Fig. 10).  
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Figure 10. Expression levels of StAR gene measured by real-time PCR in D. labrax larvae 
fed different levels of . StAR mRNA copies was normalized as a ratio to 100 ng total RNA. 
The means of three replicates in each sampling point are shown. Bars indicate standard 
error of the mean. Differences were determined by one-way analysis of variance (ANOVA). 
(*) indicates significantly different means from controls, for the time point tested (P < 0.05). 
 

The expression of c-fos was not affected by the level of ARA in the diet. However, larvae fed 
commercial diets had a significant higher c-fos expression compared with the rest of 
experimental diets (Fig. 11)  
 

 
 
Figure 11. Expression levels of c-fos gene measured by real-time PCR in D. labrax larvae 
fed different levels of c-fos mRNA copies was normalized as a ratio to 100 ng total RNA. The 
means of three replicates in each sampling point are shown. Bars indicate standard error of 
the mean. Differences were determined by one-way analysis of variance (ANOVA). (*) 
indicates significantly different means from controls, for the time point tested (P < 0.05). 
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No effect of dietary treatments was found in the genes related with oxidative stress : SOD, 
CAT & GPX. Regarding genes related with the glucocorticoid receptor complex, expression 
of GR increased as ARA increased in the diet, showing larvae fed with 1.2ARA significant 
higher GR expression than larvae fed the rest of the experimental diets (Fig. 12).  

 

 
Figure 12. Expression levels of GR gene measured by real-time PCR in D. labrax larvae fed 
different levels of . GR mRNA copies was normalized as a ratio to 100 ng total RNA. The 
means of three replicates in each sampling point are shown. Bars indicate standard error of 
the mean. Differences were determined by one-way analysis of variance (ANOVA). (*) 
indicates significantly different means from controls, for the time point tested (P < 0.05). 

 

Dietary ARA had also effects on HSP90 expression, larvae fed with 0.3ARA diet showing the 
highest level of expression (Fig. 13). 
 

 
Figure 13. Expression levels of HSP90 gene measured by real-time PCR in D. labrax larvae 
fed different levels of HSP90 mRNA copies was normalized as a ratio to 100 ng total RNA. 
The means of three replicates in each sampling point are shown. Bars indicate standard 
error of the mean. Differences were determined by one-way analysis of variance (ANOVA). 
(*) indicates significantly different means from controls, for the time point tested (P < 0.05). 
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Main conclusions 

The results obtained showed a clear modulation of different fatty acids on the cortisol 
release from European sea bass cortisol, partly mediated by the effects on expression of 
stress-related genes. Previous results indicating that ALA increases basal and post stress 
cortisol in marine fish can be corroborated, clarifying that the ALA-induced elevation of 
cortisol release from the interrenal cells can be mediated by different pathways and effects 
on different genes. If the increased amount of cortisol from the ALA treatment is due to an 
addition of different effects remains unclear, but induction of StAR and c-fos is clearly 
increasing the ACTH-induced cortisol release from head kidney enriched with ALA. This is 
the first time that c-fos expression has been studied in European sea bass or even in any 
fish species, associated to different fatty acids and stress response. The clear results 
obtained by DHA treatment (in vitro) explains previous hypothesis on the role of DHA as 
modulator of the release of cortisol, proposed to be independent on COX2 pathway. Similar 
observation can be pointed out from the in-vivo study, where larvae fed with Artemia had 
higher values. From the in vivo study, 1.2% of ARA in diet seems to have beneficial effects 
on European sea bass larvae, when EPA and DHA requirements are covered, by increasing 
the expression of growth-related genes and by optimizing the basal levels of stress-related 
genes. By decreasing cortisol-synthesis related CYP11β gene basal expression, basal 
circulating cortisol concentration is expected to be lower, avoiding the negative effects of 
chronic elevation of glucocorticoids in blood. Besides, by increasing glucocorticoid receptor 
complex-related genes (GR and HSP90) basal expression, tissues are expected to be better 
prepared to cope with a stress-related increase of circulating glucorticoids, then optimizing 
the ability of these animals to cope with a stressful situation and enhancing larvae welfare.  

As reference values, in vitro cortisol release from interrenal cells are around 20 ng/g HK/h 
before ACTH stimulus and between 150 and 200 ng/g HK/h after ACTH pulse. Regarding 
the expression of genes associated to cortisol synthesis, StAT values ranged around 
1,0E+05 mRNA copies/ng total RNA before ACTH stimulation, that can be considered as 
basal levels. In vivo data showed that basal levels ranged around 3.0 E+02 mRNA copies/ng 
total RNA. CYP11b in vitro basal levels (before ACTH pulse) ranged around 1 E+06 mRNA 
copies/ng total RNA, whereas in vivo ranged around 1.5 E +05 mRNA copies/ng total RNA. 
C-fos before ACTH stimulation ranged around 1.0 E+03 mRNA copies/ng total RNA, 
whereas for larvae in vivo ranged around 3.0 E+02 mRNA copies/ng total RNA.  

Regarding those genes related with glucocorticoid receptor complex, in vitro GR basal levels 
(before ACTH stimulation) ranged around 2.00 E+0.3 mRNA copies/ng total RNA. In vivo 
values ranged between 3.0 E+01 and 6.0E+01 mRNA copies/ng total RNA. For HSP70 
expression, in vitro basal levels (before ACTH stimulation) ranged around 1.0 E+01 mRNA 
copies/ng total RNA. In vitro HSP90 expression (before ACTH stimulation) ranged around 
8.0E+05 mRNA copies/ng total RNA, whereas in vivo values for larvae ranged between 
1.0E+04 and 1.6E+04.  
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3.3.3. Histological and microbiological scoring system 

 

Experimental setup 

A 140 day feeding experiment was conducted at “Agroittica Toscana”; a marine land based 
fish farm in Piombino (Italy). European sea-bass at initial average weight of 23.59±1.09 g 
were randomly distributed into 8 circular 900 L fiberglass tanks at a stocking density of 150 
fish per tank. All tanks were continuously supplied with marine water (complete refill every 4-
5 hours per tank) at a temperature of 24.7±0.6°C and pH of 7.9±0.4 unit. Oxygen level was 
maintained over 100% of saturation by supplying pure oxygen to the tanks.  

Fish were fed for 90 days on four different experimental diets (A, B, C and D) in which 
different substitutions of fish meal (FM) with vegetable meal (VM) were adopted (Diet A: 48% 
VM and 35% FM; Diet B: 57% VM and 27% FM; Diet C: 52% VM and 21% FM, and Diet D: 
68% VM and 15% FM). After 90 days trial, all fish were switched to the diet with the highest 
FM level (Diet A), and fed for other 50 days (recovering trial). All diets were fed twice a day 
until apparent satiety in duplicate (two tanks per diet). Diets were iso-proteic, iso-lipidic, iso-
energetic (≈45.0% protein and ≈18.5% lipid inclusion) and formulated to fulfill sea bass 
nutrient requirements; diets were produced by extrusion process and their formulation was 
commercial-like. Tables 1 and 2 provide details on diets composition and ingredients. 
 
 
Table 1. Composition of experimental extruded diets  
 

Composition 
Experimental Extruded Diets 

A48%Veg- B57%Veg- C52%Veg- D68%Veg- 

Crude Protein (%) 45.0 44.0 45.0 44.0 

Crude Fat (%) 18.5 18.5 19.0 18.0 
Ash (%) 8.0 7.5 7.0 6.0 
Crude Fiber (%) 2.0 2.0 2.0 2.6 

NFE (%) 20.5 20.5 21.0 23.3 
Moisture (%) 6.0 8.0 6.0 6.5 
Digestible Energy 19.9 19.7 20.1 19.4 
DP/DE (mg/kJ) 21.5 21.7 21.2 20.5 
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Table 2. Ingredients of the experimental extruded diets. 
  

Raw Materials 
Experimental Extruded Diets 

A48%Veg- B57%Veg- C52%Veg- D68%Veg- 

Fish meal (%) 35.00 27.00 21.00 15.00 

Vegetable meals (%): 
Soybean, Wheat, Corn gluten, 

48.14 57.49 52.70 68.37 

Refined Vegetable meals (%): 
Soybean and Pea Protein 1.76 0.53 1.00 1.09 

Haemoglobin (%) - - 9.00 - 

Fish oil (%) 4.05 4.05 4.05 4.20 

Soybean oil (%) 9.45 9.45 10.31 9.80 

Vitamins and Minerals (%) 0.51 0.52 0.51 0.52 

Antioxidant (%) 0.40 0.40 0.40 0.40 

Others (%) 0.60 0.60 0.58 0.62 

 

Growth Performance 

Growth performance related parameters such as body weight, total length, standard length, 
hepatosomatic index; viscerosomatic index, were recorded at 0, 20, 40, 60, 90 and 140 days 
of the feeding trial. Feed administration was recorded daily and used for the FCR (Feed 
Conversion Ratio) calculation. Fish were sampled for histological and microbiological 
analysis at 0, 10, 20, 27, 40, 90 and 140 days of the feeding trial (see below).  

Histological analysis 

At 0, 10, 20, 27, 40, 90 days and at the end of the recovering period (140 days), five fish 
from each tank (10 fish per treatment) were sacrificed with an overdose of anaesthetic 
(tricaine methanesulfonate, Finquel MS-222) and intestine was dissected out for histological 
analyses.  

 

 

 

 

 

 

 

 

 

 
Fig. 1 Schematic representation of parameters considered for intestinal tract histologic analysis and 
scoring: (folds, lamina propria single fold, lamina propria basal or connective tissue, supranuclear 
vacuoles). 
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A section (around 2 cm) of both proximal and distal intestine, were carefully excised, rinsed 
in saline water, and fixed in formalin 10% (phosphate buffered formaldehyde 4%, pH 7.2). 
Samples were then dehydrated, embedded in paraffin, and cut according to standard 
histological procedures. Slides were then stained with a combination of haematoxylin and 
eosin. Four different morphological parameters were evaluated using light microscopy 
according to the scoring criteria given in Table 3.   

 
 
Table 3. Histological scoring system for morphological changes induced by diet in the 
intestine of European sea-bass (adapted from Knudesen et al. 2007) 

 

Score                                        Appearance 
Summation 

(∑ medium value of 

single score) 

Supranuclear vacuoles 

1 Large vacuoles occupy almost the entire apical part of the enterocytes. 

2 Medium-sized vacuoles, which occupy less than half of the enterocytes, are present. 

3 Small-sized vacuoles are near the apical membrane in most enterocytes. 
4 Scattered small vacuoles are still present in some enterocytes. 

5 No supranuclear vacuoles are present. 

 
 

Supranuclear 

Vacuoles 
 

+ 

 

 

Lamina Propria 
 

 

+ 

 
 

 

Connective Tissue 
 

 

 

+ 

 

 

Mucosal Fold 
 

= 

Lamina propria of simple folds 

1  There is a very thin and delicate core of connective 

2 The lamina propria appears slightly more distinct and robust in some of the folds. 

3 There is a clear increase of lamina propria in most of the simple folds. 

4 There is a thick lamina propria in many folds. 

5 There is a very thick lamina propria in many folds. 
Connective tissue  

(between base of folds and stratum compactum)  

1 There is a very thin layer of connective tissue between the base of folds and the stratum 

compactum. 

2 There is a lightly increased amount of connective tissue beneath some of the mucosal 
folds. 

3 There is a clear increase of connective tissue beneath most of the mucosal folds. 

4 A thick layer of connective tissue is beneath many folds. 

5 An extremely thick layer of connective tissue is beneath some folds. 
Mucosal folds 
1 Simple and complex folds (CFs) appear long and thin. Thin side branches on the CF. 

2 Simple mucosal folds have medium length. CFs are still long but appear thicker. 

3 Simple folds have short to medium length. Side branches on CF are stubby. 
4 Thick CFs are prevalent. Simple folds are short. Almost no side branches are on the CF. 

5 Both complex and simple folds appear very stubby. 
For each parameter, a score of “1-2” represents normal morphology, whereas a score of “5” corresponds to morphological 
symptoms of severe enteritis. 

∑ score "4-10" = normal morphology or slight alteration   
∑ score "11-15" = evident alteration       

∑ score "16-20" = from serious injury to severe enteritis 

 

 

The semi quantitative scoring system was adapted from Uràn et al. (2004) and Knudesen et 
al. (2007). Histological samples were randomized and blindly evaluated.  

For each parameter a score of “1-2” represented normal morphology, whereas a score of “5” 
corresponded to morphological symptoms of severe enteritis. To better point out all the 
intestinal histological changes, a global score was calculated by the summation of the 
means of each single parameter. A global score of "4-10" represented intestinal normal 
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morphology or slight alterations, that of "11-15” corresponded to more evident alterations, 
and a global score of "16-20", corresponded to serious injuries and/or severe enteritis. 

In order to support the results obtained by using a subjective scoring scale, we used "Image 
J" free software to measure tissues and to count cells on pictures taken from histological 
slides. We thus measured connective tissue thickness, and lamina propria of single fold 
width at three levels (up, middle and down) and counted: granulocytes concentration at the 
base of single folds, and hepatocytes concentration in the liver.  

The scoring system was decided by mutual agreement, as recommended by several authors 
(Desmet, 2003; Mitchell et al. 2012). In order to reduce inter-observer variability, we 
discussed the criteria for scoring with other observers and defined them prior to assigning 
scores to the slides. Moreover, we blindly evaluated random histological samples.  

Gut microbiota analysis 

We excised in aseptic manner, a distal intestine section and cut it in several segments which 
were then thoroughly rinsed three times in sterile saline solution (0.9%) in order to isolate 
adherent bacteria. Segments were then transferred to sterile plastic bags and homogenized 
in a Stomacher (Seward Laboratory, London,UK).  

The homogenates were diluted (1:9) in sterile BHI (Brain Heart Infusion) broth and then were 
spread, immediately or after 24 hours incubation in BHI at 20°C, onto specific bacterial 
growth mediums (Oxoid, Italia) to isolate bacterial strains. 

In order to ensure the detection of non-cultivable bacteria (Paula Silva, 2011), we extracted 
DNA directly from the hindgut contents of fish fed for 40 days on different diets. Total 
genomic DNA was extracted by glass bead beating (Sigma G4649); DNA was then analyzed 
by PCR-denaturing gradient gel electrophoresis (DGGE). 

Statistical analysis 

The data were statistically compared using one and two way analysis of variance (ANOVA) 
and multiple comparisons post-hoc. All the analysis were performed by "R software" version 
2.15.2 (2012-10-26) - "Trick or Treat". The level of statistical significance was set at p<0.05. 

 

Main results 

Growth performance  

The growth performance of sea-bass (D. labrax) during the feeding test (90 days fed with 
four different diets, A-B-C-D), and after the recovering period (50 days), when all fish 
received diet A (higher level of fish meal), is represented in Fig 2. 
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Fig. 2 Growth of fish fed on diets with different levels of FM replaced with vegetable meal. 
Fish were fed for 90 days on diets A, B, C, and D, and then for other 50 days (recovering), 
on diet A with high FM level. 

 

As shown in the figure, after the first 40 days of feeding, the higher mean weight was 
reached by fish fed on diet A, followed in a decreasing way by fish fed on diets B, C  , and D. 
Fish fed on diet B and C had similar weight gains. They had also similar FCR (0.90 and 0.93, 
respectively), and SRG (2.17 and 2.00, respectively). The best SRG was obtained in fish fed 
on diet A (2.39), whereas the worst one in fish fed on diet D (1.41). Fish fed on diet D had 
also the worst FCR of 1.28. The best FCR was achieved in fish fed on diets B and C. 

At the end of the experimental trial (day 90), the highest weight was achieved in fish fed on 
diets A and B, followed in a decreasing way by fish fed on diet C and D. The best SGR was 
registered in fish fed on diet A (1.90), followed by that in fish fed on diet B (1.85), diet C 
(1.75), and diet D (1.64). The best FCR was registered in fish fed on diet B and C (1.07), 
followed in a decreasing way FCR of fish fed on diet A and D. The two latter diets gave the 
worse FCR of 1.16 and 1.14, respectively. 

After 50 days of recovery, fish that were previously fed on diet A and B achieved the highest 
final weight (194.47±6.55 and 191.63±10.13g, respectively) without significant differences 
between them, followed in a decreasing way by those fed on diet C (187.39±13.52 grams) 
and D (181.31±11.72 grams). The FCR was not significantly different in fish fed on diet A 
and C (1.78 and 1.80, respectively). Fish fed on diet B showed the best FCR (1.71) whereas 
those fed on diet D the worst one (2.02). 

 

The viscerosomatic index showed no statistically significant differences neither diet, nor 
time-related during all the feeding trial. (Fig. 3), 
  

Growth Performance
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Fig. 3. Viscerosomatic 
index (VSI) of fish fed on 
diets with different levels 
of FM replaced with 
vegetable meal. Fish 
were fed for 90 days on 
diets A, B, C, and D, and 
then for other 50 days 
(recovering), on diet A 
with high FM level. 
 

 

 

 

 

Hepatosomatic Index (Fig.4) of fish on diet A (higher), was significantly different from those 
fed on diet B (intermediate value) and D (lower value); there was no significant difference in 
HIS between fish fed diets A and C.  

 

 
 
Fig. 4. Hepatosomatic 
index (HSI) of fish fed on 
diets with different levels 
of FM replaced with 
vegetable meal. Fish 
were fed for 90 days on 
diets A, B, C, and D, and 
then for other 50 days 
(recovering), on diet A 
with high FM level. 

 
  

Viscerosomatic index (VSI) 

(%) = viscera(without gonads +mesenteric fat) weight (g) / fish weight (g) x 100 
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Scoring: evaluation of histological changes 

The supranuclear vacuoles that are easy to identify if present, are generally related to gut 
absorption activity but their presence or absence is related to many other factors, in addition 
to feed such as extended fasting, and pathologic syndromes or specific diseases that could 
lead to enteritis. Since all fish in our experiment were sampled after 24 hrs of fasting and in 
the majority of cases, the supranuclear vacuoles were absent, we did not consider this 
parameter in the scoring. In Figure 4 are shown four histological slides of physiological 
conditions with or without supranuclear vacuoles and some slight alteration of lamina propria 
and connective tissue.  

The sea bass intestinal score is reported in Table 4 and in Figures 5 and 6.The global score 
evaluation values were the followings: "3 - 6" equals to normal morphology or slight 
alteration; "7 - 10" equals to evident alterations; "11 - 15" equals serious injury;  

 
  

 
Fig. 4. Evaluation of histological changes, in gastrointestinal (GI) tract of sea bass 
(D.labrax), related to four parameters: supranuclear vacuoles; lamina propria of single folds; 
connective tissue (or lamina propria basal); mucosal folds.  
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The global score range of proximal intestine was "3 - 5", with the highest values in fish fed 
on diets C and D. The distal intestine showed a similar range ("3 - 4.6") with the highest 
values in fish fed on diet D. 

The scoring of each single tract of intestine was the following: 
• The proximal intestine of fish fed on diets C and D showed higher score with respect 

to day 0, and the other diets until day 40, when values recovered back to initial score 
value. The score of fish fed on diets A and B remained quite steady with a slightly 
decreasing trend in comparison to the initial time. 

• The distal intestine of fish fed on diet D showed the highest score which was then 
reversed back to day 0 value at the end of the experiment (the connective tissue 
showed higher score variation). For the other diets, the score remained unchanged 
until day 20, went down until day 40, and reversed back close to initial value at the 
end of the trial. 

  



ARRAIN
A P

roj
ec

t 2
01

6

 

 

 

 

78 
This project has received funding from the European Union’s Seventh Programme for research, technological 

development and demonstration under grant agreement No 618105 

 

 

Table 4. Proximal and distal intestinal scoring:  mean and standard deviation for each considered 
parameter (lamina propria of single folds; connective tissue; mucosal folds) and their summation. 
 
  

Gut tract Diet / time Lamina Propria Folds 
Connective  

Tissue 
Mucosal  

Fold 
∑  

(Summation) 
P

R
O

X
IM

A
L

 I
N

T
E

S
T

IN
E

 
 day 0 1.16 ± 0.37 1.41 ± 0.51 1.00 ± 0.00 3,59 ± 0.58 
Diet A / day 10 1.20 ± 0.45 1.20 ± 0.45 1.00 ± 0.00 3.40 ± 0.55 
Diet B / day 10 1.00 ± 0.00 1.20 ± 0.45 1.00 ± 0.00 3.20 ± 0.45 
Diet C / day 10 1.67 ± 0.58 1.25 ± 0.50 1.75 ± 0.50 4.67 ± 1.08 
Diet D / day 10 1.40 ± 0.55 1.80 ± 0.45 1.60 ± 0.55 4.80 ± 1.30 
Diet A / day 20 1.20 ± 0.45 1.00 ± 0.00 1.40 ± 0.55 3.60 ± 0.89 
Diet B / day 20 1.40 ± 0.89 1.20 ± 0.45 1.20 ± 0.45 3.80 ± 1.79 
Diet C / day 20 2.00 ± 0.71 1.40 ± 0.55 1.40 ± 0.55 4.80 ± 1.64 
Diet D / day 20 2.20 ± 0.45 1.60 ± 0.55  1.20 ± 0.45 5.00 ± 0.71 
Diet A / day 27 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 3.00 ± 0.00 
Diet B / day 27 1.00 ± 0.00 1.20 ± 0.45 1.00 ± 0.00 3.20 ± 0.45 
Diet C / day 27 2.00 ± 0.00 1.40 ± 0.45 1.40 ± 0.00 3.20 ± 0.45 
Diet D / day 27 1.40 ± 0.55 1.40 ± 0.55 1.20 ± 0.45 4.00 ± 1.00 
Diet A / day 40 1.40 ± 0.55 1.00 ± 0.00 1.00 ± 0.00 3.40 ± 0.55 
Diet B / day 40 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 3.00 ± 0.00 
Diet C / day 40 1.40 ± 0.55 1.80 ± 0.84 1.20 ± 0.45 4.40 ± 1.44 
Diet D / day 40 1.40 ± 0.55 1.40 ± 0.45 1.20 ± 0.45 4.00 ± 1.00 
Diet A / day 90 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 3.00 ± 0.00 
Diet B / day 90 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 3.00 ± 0.00 
Diet C / day 90 1.00 ± 0.00 1.20 ± 0.45 1.00 ± 0.00 3.20 ± 0.45 
Diet D / day 90 1.40 ± 0.55 1.00 ± 0.00 1.00 ± 0.00 3.40 ± 0.55 
Diet A / day 140 1.25 ± 0.46 1.25 ± 0.46 1.00 ± 0.00 3.50 ± 0.67 
Diet B / day 140 1.20 ± 0.42 1.30 ± 0.48 1.10 ± 0.32 3.60 ± 0.70 
Diet C / day 140 1.44 ± 0.53 1.22 ± 0.44 1.22 ± 0.44 3.89 ± 0.99 
Diet D / day 140 1.11 ± 0.33 1.11 ± 0.33 1.00 ± 0.00 3.22 ± 0.42 

D
IS

T
A

L
 I

N
T

E
S

T
IN

E
 

  day 0 1.00 ± 0.00 1.14 ± 0.36 1.23 ± 0.44 3.38 ± 0.42 
Diet A / day 10 1.30 ± 0.48 1.00 ± 0.00 1.00 ± 0.00 3.30 ± 0.48 
Diet B / day 10 1.00 ± 0.00 1.00 ± 0.00 1.11 ± 0.33 3.10 ± 0.32 
Diet C / day 10 1.00 ± 0.00 1.00 ± 0.00 1.10 ± 0.32 3.10 ± 0.32 
Diet D / day 10 1.11 ± 0.33 1.78 ± 0.83 1.22 ± 0.44 4.00 ± 1.33 
Diet A / day 20 1.30 ± 0.48 1.10 ± 0.32 1.20 ± 0.42 3.60 ± 0.84 
Diet B / day 20 1.22 ± 0.44 1.33 ± 0.50 1.11 ± 0.33 3.73 ± 0.96 
Diet C / day 20 1.10 ± 0.32 1.00 ± 0.00 1.10 ± 0.32 3.20 ± 0.63 
Diet D / day 20 1.30 ± 0.48 1.20 ± 0.42 1.30 ± 0.48 3.80 ± 0.79 
Diet A / day 27 1.00 ± 0.00 1.20 ± 0.42 1.00 ± 0.00 3.20 ± 0.42 
Diet B / day 27 1.00 ± 0.00 1.20 ± 0.42 1.10 ± 0.32 3.30 ± 0.48 
Diet C / day 27 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 3.00 ± 0.00 
Diet D / day 27 1.00 ± 0.00 2.00 ± 0.93 1.50 ± 0.53 4.40 ± 0.52 
Diet A / day 40 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 3.00 ± 0.00 
Diet B / day 40 1.00 ± 0.00 1.11 ± 0.33 1.11 ± 0.33 3.20 ± 0.42 
Diet C / day 40 1.00 ± 0.00 1.20 ± 0.42 1.00 ± 0.00 3.20 ± 0.42 
Diet D / day 40 1.30 ± 0.48 1.70 ± 0.82 1.50 ± 0.53 4.50 ± 1.43 
Diet A / day 90 1.00 ± 0.00 1.40 ± 0.52 1.10 ± 0.32 3.50 ± 0.53 
Diet B / day 90 1.10 ± 0.32 1.30 ± 0.48 1.20 ± 0.42 3.60 ± 0.97 
Diet C / day 90 1.40 ± 0.70 1.90 ± 0.57 1.30 ± 0.48 3.65 ± 0.48 
Diet D / day 90 1.30 ± 0.48 1.10 ± 0.32 1.10 ± 0.32 3.50 ± 0.85 
Diet A / day 140 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 3.00 ± 0.00 
Diet B / day 140 1.11 ± 0.33 1.11 ± 0.33 1.11 ± 0.33 3.33 ± 0.94 
Diet C / day 140 1.00 ± 0.00 1.11 ± 0.33 1.00 ± 0.00 3.11 ± 0.31 
Diet D / day 140 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 3.00 ± 0.00 
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Fig. 5. Proximal intestine scoring 
 

 

 

Fig. 6. Distal intestine scoring.  
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The measure of connective (Table 5) tissue thickness, and granulocytes count (Table 6), 
gave no significant indications. 
 
Table 5. Connective tissue measure at the base of single folds. 
 
 Proximal intestine Distal intestine  

 Diets Diets  

 A B C D A B C D 

Time 

 (days) 

length  

(µ) 

length  

(µ) 

length  

(µ) 

length  

(µ) 

length  

(µ) 

length  

(µ) 

length  

(µ) 

length  

(µ) 

0 20.5 ± 5.1 20.5 ± 5.1 20.5 ± 5.1 20.5 ± 5.1 23.2 ± 4.6 23.2 ± 4.6 23.2 ± 4.6 23.2 ± 4.6 

40 20.5 ± 5.0 16.7 ± 4.6 30.7 ± 9.2 20.7 ± 5.7 24.9 ± 5.1 23.7 ± 3.6 30.6 ± 7.3 33.7 ± 10.3 

90 37.8 ± 15.9 37.7 ± 18.8 42.9 ± 14.2 43.7 ± 17.3 n.r. n.r. n.r. n.r. 

 
 

Table 6. Proximal Intestine at the end of the test (90 days). Granulocytes count at the folds 
base. 
 

Diets 
A B C D 

Granulocytes 

(n/mm
2
) 

Granulocytes 

(n/mm
2
) 

Granulocytes 

(n/mm
2
) 

Granulocytes 

(n/mm
2
) 

301 ± 251 253 ± 157 242 ± 132 314 ± 222 
 

 

The lamina propria (LP) width, measured on proximal intestine at day 90 along the single 
fold, at three different levels (Up, Mid, Down), showed a significant diet related difference, at 
Mid and Down level, whereas there were no significant difference at Up level (Table 7). At 
down level, diet A showed values significantly lower than other diets. 

 
Table 7 Proximal Intestine at the end of the test (90 days). Lamina Propia (LP) width, 
measured at three different levels (Up; Mid; Down) along the folds. 
 

Diet 

Lamina Propria (LP) width 

level Up 

 (µ) 

level Mid * 

 (µ) 

level Down* 

(µ) 

 A 25.01±12 a 28.74±10 a 34.43±16 a 

 B 26.65±13 a  32.85±13 a 45.68±28 b 

 C 26.26±10 a 32.81±15 a 45.68±23 b 

 D 27.05±11 a 33.96±12 a 48.78±21 b 

*Analysis of variance confirms the relationship with diet [level Mid F(1.266)=5.965 

p=0.0152] [level Down F(1.235)=13.76 p<0.001)]. Different letters indicate significantly 

differences, P<0.05 
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The hepatocytes concentration in liver at the beginning of the feeding trial and at day 20, 40 
and 90 (end of trial) is reported in Table 8. Values in fish fed on diet B remained quite steady 
during all the experiment (around 4000 hepatocytes/mm2). Fish fed on diets C and D 
showed higher values at day 90, whereas fish fed on diet A showed a decrease at the end of 
test. 
 
 
Table 8. Hepatocytes count. 
 

 Diets 
   A   B   C   D 

Time 
 (days) 

Hepatocytes 
(N°/mm2) 

Hepatocytes 
(N°/mm2) 

Hepatocytes 
(N°/mm2) 

Hepatocytes 
(N°/mm2) 

0 4476 ± 342 4476 ± 342 4476 ± 342 4476 ± 342 
20 3461 ± 868 3067 ± 519 4144 ± 572 4119 ± 1341 
40 3271 ± 625 4542 ± 1497 4970 ± 695  4935 ± 823 
90 2738 ± 930 4400 ± 652 5059 ± 868 5850 ± 777 

 

We applied analysis of variance multiple comparisons post-hoc tests: between diets 
independently from time, inside diets during test time, and between diets in each different 
time. Significance level was set to P ≤ 0.05. 

• Multiple comparisons between diets (time independently). Fish on diet D had the 
highest hepatocytes concentration and showed similar values to fish on diet C, but 
hepatocytes concentration was significantly different to fish fed on the other diets. 
Hepatocytes concentration in fish fed on diet A remained lower than in those fed on 
C and B diets. The latter values were significantly different from each other. 

• Multiple comparisons inter diets (during test time). At the beginning (time 0), fish on 
diet A showed higher hepatocytes concentration than in the subsequent counts. The 
decrease recorded at day 20 in fish fed on diet D, was significant. Any comparison 
between sampling times was not significant for fish fed diet C. In fish fed on diet D, 
hepatocytes concentration at the end of test was significantly higher than that at the 
beginning (time 0) and at day 20. 

• Multiple comparisons between diets (in different time). At the beginning and at day 20 
there were no significant differences between fish fed on different diets. At 40 days 
hepatocytes concentration in fish fed on diet A was significantly different compared to 
fish fed the other diets. At 90 days (end of test) fish fed on diet A values were 
significantly different compared to fish fed on other diets and fish fed on diet B values 
were significantly different to those of fish fed on diet D. 

 

Growth performance and histological scoring in distal intestine are shown in Figure 7. As 
one can see an increase of the vegetable meal level in the diet, lead to an increase 
(worsening) of the intestinal scoring and, at the same time, to a worsening of growth 
performance. 
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Fig. 7. Weight gain and histological scoring 
in relation to increased replacement of FM 
with vegetable meal. 

 

 

 

 

 

Gut flora 

The results on bacteria present in distal intestine (hindgut) are shown in Table 9. According 
to cultivation methods, the results are expressed, for single bacterial strain in: 
presence/absence or Colony Forming Unit (CFU) or Most Probable Number per gram 
(MPN/g).  
 
Table 9. Distal intestine bacterial cultures. The results are expressed, for single bacterial 
strain as: presence/absence or Colony Forming Unit (CFU) or Most Probable Number per 
gram (MPN/g). For each bacteria genus, when isolated, we reported also the specie. 
 

Bacteria 

time day 0 times day 30 times day 90 
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diets diets 
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Enterobacteriaceae CFU<9x103 CFU <1  CFU <1  CFU <1  CFU <1  present present present present 

Enterobacteriaceae CFU<10 

0,36 

MPN/g   
4,3 

MPN/g   

0,92 

MPN/g   
2,3 

MPN/g 

0,92 

MPN/g   
0,36 
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1,5 

MPN/g  
0,74 
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0,36 
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*Isolated Photobacterium damsela 
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Considering the fact that a large population of GI bacteria in fish is uncultivable, the total 
bacterial load in fish is much higher than the values reported in this table, which reports only 
the cultivable heterotrophic bacteria. Therefore, in Figure 8 we show the preliminary results 
from DNA isolation and PCR-denaturing gradient gel electrophoresis (DGGE analysis). In 
this figure, some differences between the gel bands can be seen. These differences could 
confirm a microbiota biodiversity in the gut of fish fed on diets with different levels of 
replacement of fishmeal with vegetable meal. 

 

 
 
Fig. 8.  DNA isolation and PCR-denaturing gradient gel electrophoresis (DGGE) for gut flora 
identification. 
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3.4 GILTHEAD SEA BREAM 
 
3.4.1 Funcional validation of a set of clinical signs for routine diagnosis 
of common nutrient deficiencies in fish fed FM-free diets 

 
Background 

Clinical haematology and basic blood biochemistry are common prognostic and diagnostic 
tools to assess health and welfare in most animal livestock production systems (Knox et al., 
1998; Kerr, 2008). In fish, experimental evidence also indicates that circulating electrolytes, 
metabolites and hormones highly reflect impaired growth performance, stress condition and 
disease outcome, although the use of such analyses as clinical diagnostic tools is poorly 
established in aquaculture practice. This is due to the paucity of reliable information on 
physiological values of haematology and blood biochemistry parameters in healthy and well-
nourished fish. Hence, several attempts have been done to compile available data in fish 
blood biochemistry and haematology (Hrubec and Smith, 2010; Peres et al., 2013, 2014). 
However, for the majority of well-established aquaculture species, including sea bream and 
sea bass, validated data are still missing in a vast array of rearing and physiological 
conditions. Besides, important gaps on reliable biomarker values are arising with the advent 
of new fish feeds with a maximized replacement of FM and FO by alternative feedstuffs of 
terrestrial or marine origin. The same is applicable for the histopathological scoring of 
relevant target tissues (liver, intestine), although there is a large body of evidence for clinical 
signs of liver steatosis, accumulation of intestine lipid droplets or intestine submucosa 
inflammation in farmed fish with lipid-related metabolic disorders (Torstensen & Tocker, 
2011). 

For the clinical interpretation of biomarker data, there is therefore an urgent need for reliable 
reference values, but also for the definition of blood and histopathological parameters that 
have specificity, sensitivity, and predictive or diagnostic value for a given nutritional 
deficiency, with special emphasis in those commonly arising for the maximized replacement 
of FM and FO in a typically marine fish, such as sea bream. To pursue this issue, our 
experimental setup followed three major steps:  

i) Functional validation of a set of clinical signs related to organosomatic indices, whole body 
composition and blood haematology and biochemistry for the current diagnosis of nutrient 
deficiencies in Methionine (Met), n-3 LC-PUFA, phospholipids (PL), phosphorous (P) and 
micronutrients (minerals and vitamins), using fish samples from a feeding trial with FM-free 
diets. 

ii) Histopathological scoring of liver and intestine samples (anterior and posterior intestine 
sections) in fish fed FM-free diets with clinical signs of nutrient deficiencies. 

iii) Definition of the normal range of variation for biometric, haematological and blood 
biochemical parameters, integrating the data generated in the trial conducted within WP1 
with those derived from the long-term trial of WP4, where fish were fed practical diets with 
varying inclusion levels of FM and FO (from 40% in CTRL diet to 7.5% in the extreme low 
FM/FO diet).  
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Experimental setup 

Diets 

Seven isonitrogenous (51-52%) and isolipidic (14.5-15.5%) diets were formulated and 
delivered by Sparos LDA (Algarve, Portugal) (Table 1). All diets contained casein (20%), 
casein hydrolisate (5%), gelatin (5.8%) and soy protein concentrate (34.5%) as the unique 
source of protein, and were adequately supplemented with L-threonine (0.02%), taurine 
(0.3%), betaine (0.3%), glucosamine (0.4%), dextrin (11.2%) and ethoxyquin (0.1%). DL-
Methionine was supplemented at the 0.4% in all diets except sulphur amino acid deficient 
diet (SAA diet). FO was added at the 13.9% in all diets except n-3 LC-PUFA deficient diet, in 
which FO was totally replaced by a blend of VO lowering EPA + DHA content to trace values 
(Table 2). Soy lecithin (2%) was added as the unique source of PL in all diets except PL 
deficient diet. Calcium phosphate (2.2%) was added in all diets except P deficient diet. 
Mineral premix (2.2%) was added in all diets except mineral deficient diet (Min diet). Vitamin 
premix (2%) was added in all diets except vitamin deficient diet (Vit diet).  

Feeding trial and fish sampling 

Juvenile sea bream of Atlantic origin (Ferme Marine de Douhet, Ile d’Oléron, France) were 
acclimatized to laboratory conditions for one month before the start of a 12 weeks trial (May-
July) in the indoor experimental facilities of the Institute of Aquaculture Torre de la Sal (IATS-
CSIC). Following the acclimatization period, fish of 15 g initial mean body weight were 
randomly distributed into 500 L-tanks in triplicate groups of 35 fish each. Fish were fed to 
visual satiety one (12 h)/two times (9h, 14 h) per day, 6 days per week. The trial was 
conducted under natural photoperiod and temperature conditions at IATS latitude (40°5N; 
0°10E), increasing water temperature from 19 ºC in May to 24ºC at the end of July. Water 
flow was 20 L/min, oxygen content of water effluents was always higher than 85% 
saturation, and unionized ammonia remained below toxic levels (<0.02 mg/L).  

At the end of the trial and following overnight fasting (10-12 h on the morning), 18 fish per 
dietary treatment (six per tank) were randomly selected and decapitated under anaesthesia 
with 3-aminobenzoic acid ethyl ester (MS-222, 100 µg/mL). Blood was taken from caudal 
vessels with heparinised syringes (less than five minutes for all the tank sampled fish). One 
aliquot was used for measurements of haematological parameters and respiratory burst 
activity of blood leukocytes. The remaining blood was centrifuged at 3,000 g for 20 min at 
4ºC, and the resulting plasma was stored in separate aliquots at -20ºC until further assays. 
Viscera, liver and mesenteric fat were weighed and representative portions of liver and 
intestine segments (anterior and posterior) were taken for histological processing. When 
blood and tissue collection was completed, additional fish (4 fish per tank) were taken for 
whole body composition analyses.  

All procedures were carried out according to the national (Agencia Estatal Consejo Superior 
de Investigaciones Científicas, IATS Review Board) and the current EU legislation on the 
handling of experimental animals.  

Chemical composition  

Diets and fish for body composition analyses (a pooled sample of 10 fish at the beginning 
and pools of 4 fish per tank at the end of trial) were ground, and small aliquots were dried to 
determine moisture content. The remaining samples were freeze-dried and chemical 
analyses were made by the following procedures: dry matter by drying at 105 °C for 24 h, 
protein (N x 6.25) by the Kjeldahl method, and fat after dichloromethane extraction by the 
Soxhlet method.  
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Table 1. Ingredients and chemical composition of experimental diets. 

1 Supplied the following (g/kg mix): calcium hydrogen phosphate 500, calcium carbonate (40% Ca) 215, sodium 
chloride 40, ferrous sulphate (21% Fe) 20, manganese sulphate 3, zinc sulphate 4, copper sulphate 3, cobalt (II) 
chloride (25% Co) 0.02, potassium iodine 0.04, sodium selenite 0.03, sodium fluoride 1, magnesium hydroxide 
(60% Mg) 124, potassium chloride 90. 
2 Supplied the following (g/kg mix, except as noted): retinyl acetate 1, DL-cholecalciferol 2.5, DL-α tocopheryl 
acetate 5, menadione sodium bisulphite 1, ascorbic acid 20, thiamin 0.1, riboflavin 0.4, pyridoxine 0.3, vitamin 
B12 10 mg, nicotinic acid 1, pantothenic acid 2, folic acid 0.1, biotin 10 mg, choline chloride 200, inositol 30, 
carrier 734.6. 
  

    Diet    

 CTRL SAA n-3 
LC-PUFA PL P Min Vit 

Ingredient (%)        
Casein 20 20 20 20 20 20 20 
Casein hydrolisate 5 5 5 5 5 5 5 

Gelatin 5.78 5.78 5.78 5.78 5.78 5.78 5.78 

Soycomil PC 34.5 34.5 34.5 34.5 34.5 34.5 34.5 

DL-Methionine 0.4 0 0.4 0.4 0.4 0.4 0.4 

L-Threonine 0.02 0.02 0.02 0.02 0.02 0.02 0.02 

Dextrine 11.2 11.2 11.2 11.2 11.2 11.2 11.2 

Soy lecithin 2 2 2 0 2 2 2 

Fish oil 13.9 13.9 0 13.9 13.9 13.9 13.9 

Vegetable oil  0 0 13.9 0 0 0 0 

Cellulose 0 0.4 0 0 2.2 1.5 1.5 

CaHPO4.2H2O (18%P) 2.2 2.2 2.2 2.2 0 2.2 2.2 

Mineral premix-INRA1 2 2 2 2 2 0.5 2 

Vitamin premix-INRA2 2 2 2 2 2 2 0.5 

Taurine 0.3 0.3 0.3 0.3 0.3 0.3 0.3 

Betaine 0.3 0.3 0.3 0.3 0.3 0.3 0.3 

Glucosamine 0.4 0.4 0.4 0.4 0.4 0.4 0.4 

Ethoxyquin (75%) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

       

Proximate composition       

Dry matter (DM, %) 92.4 92.5 95.4 93.3 95.5 92.2 92.8 

Crude protein (% DM) 51.8 51.5 50.8 51.1 50.8 52.0 52.5 

Crude fat (% DM) 15.0 15.1 15.5 15.6 14.4 14.7 14.7 

EPA+DHA (% DM) 2.68 2.68 0.03 2.83 2.60 2.64 2.37 
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Table 2. Fatty acid composition of experimental diets (% total FAME). 

Values are means of two determinations. tr = trace value < 0.05. 
1 Fatty acids with at least 20 carbon atoms and more than 3 double bonds. 
 

Haematology 

Haemoglobin (Hb) concentration was determined with a HemoCue B-Haemoglobin 
Analyser® (AB, Leo Diagnostic, Sweden), which uses a modified azide methaemoglobin 
reaction for Hb quantification. The haematocrit (Hc) was measured after centrifugation of the 
blood in heparinised capillary tubes at 13,000 g for 10 minutes. Red blood cell (RBC) counts 
were made in a Neubauer chamber using an isotonic solution (1% NaCl). Erythrocyte 

    Diet    

Fatty acid  CTRL SAA n-3 
LC-PUFA PL P Min Vit 

14:0  6.81 7.06 0.51 7.38 7.03 7.06 7.50 
15:0 0.61 0.74 0.24 0.79 0.76 0.68 1.01 
16:0 17.56 18.11 15.48 18.53 18.58 18.47 19.13 
16:1n-7  7.36 7.44 0.24 7.60 7.29 7.31 7.46 
16:2 0.91 0.92 0.12 1.06 1.02 1.23 1.13 
16:3 1.25 1.25 0.06 1.29 1.20 1.26 1.21 
16:4 1.37 1.37 0.08 1.41 1.31 1.36 1.30 
17:0 0.48 0.49 tr 0.52 0.51 0.51 0.53 
18:0 3.36 3.47 4.68 3.48 3.62 3.56 3.69 
18:1n-9  10.87 10.79 30.57 10.68 10.84 10.76 10.95 
18:1n-7  2.49 2.52 0.98 2.57 2.52 2.52 2.57 
18:2n-6  3.98 3.87 16.46 2.09 3.81 3.81 3.66 
18:3n-3  1.10 1.07 27.44 1.10 1.13 1.09 1.01 
18:3n-6  0.30 0.30 0.09 0.31 0.29 0.30 0.29 
18:4n-3 2.21 2.22 tr 2.26 2.14 2.23 2.07 
20:0 0.29 0.28 0.32 0.29 0.30 0.29 0.33 
20:1n-9  2.32 0.81 0.38 2.51 2.46 2.43 2.48 
20:1n-7  0.21 0.21 tr 0.22 0.21 0.21 0.22 
20:2n-6  0.15 0.15 0.07 0.15 0.15 0.15 0.15 
20:3n-3  0.07 0.07 tr 0.07 0.07 0.07 0.06 
20:3n-6 0.07 0.05 tr 0.05 0.05 0.05 0.06 
20:4n-6  0.90 0.91 tr 0.92 0.88 0.91 0.85 
20:4n-3  0.61 0.61 tr 0.62 0.60 0.61 0.58 
20:5n-3 (EPA)  12.98 13.01 0.18 13.17 12.56 13.06 11.88 
21:0 0.08 0.10 tr 0.08 0.09 0.09 0.08 
21:5n-3 0.48 0.49 tr 0.49 0.47 0.49 0.44 
22:0 0.12 0.13 0.19 0.11 0.13 0.13 0.14 
22:1n-11  3.34 3.58 tr 3.66 3.69 3.61 3.61 
22:1n-9  0.20 0.11 0.05 0.11 0.08 0.11 0.10 
22:4n-6  0.08 0.08 tr 0.08 0.08 0.09 0.08 
22:5n-3  1.39 1.40 0.10 1.41 1.36 1.40 1.27 
22:6n-3 (DHA)  9.94 9.95 0.07 10.05 9.60 9.98 8.96 
Total  94.14 93.81 98.37 95.28 95.10 95.00 96.08 
Saturates  29.31 30.38 21.44 31.19 31.03 30.79 32.40 
Monoenes  26.79 25.48 32.26 27.34 27.09 26.96 27.39 
n-6 LC-PUFA 1  0.98 0.99 tr 1.00 0.95 0.99 0.93 
n-3 LC-PUFA1  25.41 25.45 0.38 25.73 24.59 25.55 23.13 
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osmotic fragility test was made in hypotonic NaCl solutions with haemolysis read at 540 nm. 
Median corpuscular fragility (MCF) was defined as the concentration of NaCl (g/L) causing 
50% lysis. 

Blood biochemistry 

Plasma glucose was measured by the glucose oxidase method (ThermoFisher Scientific, 
Waltham, Massachusetts, USA). Plasma triglycerides (TG) were determined using 
lipase/glycerol kinase/glycerol-3phosphate oxidase reagent. Total plasma cholesterol was 
determined using cholesterol esterase/cholesterol dehydrogenase reagent (ThermoFisher 
Scientific). HDL and LDL/VLDL cholesterol were determined by the assay kit (EHDL-100) of 
BioAssay Systems (Hayward, California, USA). Total plasma proteins were measured with 
the Bio-Rad protein reagent (Hercules, California, USA) with bovine serum albumin as 
standard.  

Plasma enzymatic activities of alanine aminotransferase (ALAT) (EALT-100), aspartate 
aminotransferase (ASAT) (EASTR-100) and glutamate dehydrogenase (GLDH) (DGLDH-
100) were measured using colorimetric assay kits (BioAssays Systems). Plasma alkaline 
phosphatase (ALP) activity was determined by a fluorimetric assay kit (QFAP-100, 
BioAssays Systems). 

Plasma levels of creatinine (DICT-500), choline (ECHO-100), calcium (DICA-500), chloride 
(DICL-250), magnesium (DMG-250) and phosphate (DIPI-500) were measured by 
colorimetric assay kits (BioAssays Systems).Total antioxidant capacity was measured as 
Trolox activity using a microplate assay kit (709001) (Cayman Chemical, Ann Arbor, 
Michigan, USA).  

Plasma lysozyme activity was measured by a turbidimetric assay (Ellis, 1990) adapted to 
microplates. Induction of the respiratory burst (RB) activity in blood leukocytes was 
measured directly from heparinized blood, following the method described by Nikoskelainen 
et al. (2005) with some modifications (Saera-Vila et al., 2009b). Briefly, blood was diluted 
(1:25; v/v) in HBSS, dispensed in white flat-bottomed 96-wells, and incubated with a freshly 
prepared luminol suspension (2 mM luminol in 0.2 M borate buffer pH 9 with 2 µg/mL 
phorbol myristate acetate, PMA) for 1 h at 24–25 °C. Luminol-amplified chemiluminescence 
was measured every 3 min with a plate luminescence reader and kinetic curves were 
generated. Each sample was run by duplicate and read against a blank in which no blood 
was added. The integral luminescence in relative light units (IRLU) was calculated. 

Plasma GH was determined by a homologous sea bream radioimmunoassay (RIA) as 
reported elsewhere (Martínez-Barberá et al., 1995). The sensitivity and midrange (ED50) of 
the assay were 0.15 and 1.8 ng/ml, respectively. Plasma IGFs were extracted by acid-
ethanol cryoprecipitation (Shimizu et al., 2000), and the concentration of IGF-I was 
measured by means of a generic fish IGF-I RIA validated for Mediterranean perciform fish 
(Vega-Rubín de Celis et al., 2004). The assay is based on the use of red sea bream (Pagrus 
major) IGF-I (GroPep, Adelaide, Australia) as tracer and standard, and anti-barramundi 
(Lates calcarifer) IGF-I serum (GroPep) (1:8000) as a first antibody. The sensitivity and 
midrange of the assay were 0.05 and 0.7–0.8 ng/ml, respectively. 

Histology 

For histological examination, pieces of liver, anterior (AI) and posterior (PI) intestinal 
segments were fixed in 10% buffered formalin, embedded in paraffin, 4 µm-sectioned and 
stained with Giemsa and PAS.  
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Main results 

Growth performance  

Data on growth, somatic indexes and body composition are shown in Table 3. As a general 
rule, nutrient deficient diets reduced significantly feed intake and growth rates but also feed 
efficiency in the case of fish fed P and n-3 LC-PUFA diets. This allowed a weight gain of 
50% (n/3 LC/PUFA), 60-75% (P, Vit) and 80-85% (PL, Min, SAA) of CTRL fish. 

Mesenteric fat index (MSI) was markedly lowered in Vit fish. The same trend was found for 
PL and n-3 LC-PUFA fish, although statistically significant differences were not found. 
Conversely, MSI was significantly increased in P fish. Hepatosomatic index (HIS) was also 
altered by dietary condition, and it was largely increased in n-3 LC-PUFA fish. The opposite 
was found in Min fish and in a lower extent in Met and Vit fish. 

Dietary intervention also altered whole body composition with a low protein and lipid content 
in fish fed P and Vit diets, respectively. This feature was related to a strong reduction of N 
retention in P and n-3 LC-PUFA fish. Lipid retention was significantly reduced by nutrient 
deficiencies in all experimental groups with the exception of Min fish.  

Blood analyses 

Data on blood analysis are shown in Table 4. Hb concentration, Hc and RBC counts were 
significantly lower in n-3 LC-PUFA fish than in CTRL fish. This feature was related to a 
greater osmotic fragility, evidenced by the significant increase of MCF values from 6.6 g/L in 
CTRL fish to 7.4 g/L in n-3 LC-PUFA fish. Other experimental groups did not show any 
statistically significant alteration of haematological parameters. 
 
Blood biochemistry was altered in a nutrient specific manner, and a strong 
hypotriglyceridemia, hypocholesterolemia and hypoproteinemia with decreased plasma 
levels of creatinine were found in n-3 LC-PUFA fish, but also in Vit fish. Hypoproteinemia 
was a sign of SAA and PL deficiency, whereas hypertriglyceridemia and 
hypercholesterolemia were characteristic features of P fish. Low plasma choline levels were 
found in SAA, Min and Vit fish. 
 
Plasma electrolytes were highly refractory to dietary treatment in our experimental conditions 
with the exception of calcium and phosphate in fish fed diets non-supplemented with the 
vitamin premix and inorganic P, respectively. Likewise, enzyme activities of ALAT, ASAT 
and GLGH were not modified by dietary treatment, whereas ALP activity was significantly 
decreased in PL fish but increased in P and Min fish groups. 
 
Lysozyme activity was not altered by any dietary treatment. By contrast, RB was triggered in 
a consistent manner in n-3 LC-PUFA fish. Plasma antioxidant activity was also increased by 
nutrient deficiencies, although this feature was especially evident in fish fed P, Min and Vit 
diets. 
 
Regarding growth factors, circulating levels of GH highly reflected the impairment of growth 
performance and the greatest values were found in n-3 LC-PUFA fish, followed by fish fed P 
and Vit diets. The opposite was found for circulating levels of IGF-I and the lowest IGF-I 
concentration was found in n-3 LC-PUFA and P fish groups. 
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Table 3. Effect of nutrient deficiencies on growth performance of gilthead sea bream fed to visual satiety from May to July (13 weeks). Data on body 

weight, feed intake, growth indices and body composition are the mean(SEM) of triplicate tanks. Data on viscera, mesenteric fat and liver weight are the 

mean (SEM) of 20 fish. Different superscript letters in each row indicate significant differences among dietary treatments (Holm-Sidak test, P<0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1Result values from one-way analysis of variance; 2Viscerosomatix index = (100 x viscera weight) / fish weight 
3Mesenteric index = (100 x mesenteric fat weight) / fish weight; 4Hepatosomatic index = (100 x liver weight) / fish weight 
5
Specific growth rate = 100 x (ln final body weight - ln initial body weight) / days; 

6
Feed Efficiency = wet weight gain / dry feed intake  
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Table 4. Effect of nutrient deficiencies on basic plasma biochemistry of sea bream fed to visual satiety from May to July (13 weeks). Data are the mean (SEM) 

of 10 fish. Different superscript letters in each row indicate significant differences among dietary treatments (SNK test, P<0.05). 
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Histopathological traits 

The histological examination of liver and intestine showed different main features, which are 
summarized in Table 5 (see Figs. 1 to 6 for representative microphotographs): 
 

The highest level of fat accumulation either in the liver or AI was observed in fish fed n-3 LC-
PUFA without reaching steatosis (pathological). 

Accumulation of glycogen in the liver (revealed by PAS staining) was outstanding in fish fed 
SAA, P and Vit diets, but it was not pathological. 

No fat accumulation was observed at PI with none of experimental diets. 

Goblet cell (GC) content varied with the diet, a clear reduction of neutral mucins (stained 
with PAS) was observed at AI of fish fed n-3 LC-PUFA, PL, P and Min diets. 

In all fish groups the number of PAS+ GC was lower at PI than at AI, and only PL and Vit 
fish had slight staining. 

The number of Giemsa-stained GC was also reduced in P, Min and Vit fish. 

The staining of the brush border of AI in all fish groups, except SAA, was different from 
CTRL. 

The staining of the epithelial layer of the PI was biphasic with all the diets, except SAA and 
PL, in which was homogenous as in CTRL.  

The number of granulocytes at the submucosae at AI and PI was not outstanding except in 
Vit at AI. 

Vit was the only diet in which lymphocytes were in higher amounts than in the CTRL diets in 
both intestinal segments. 

Rodlet cells (RC) were remarkably in higher numbers in the epithelium of PI in PL, P, Min 
and Vit fish, with the highest level in Min fish.  
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Table 5. Summary of the histological features observed in the liver and intestine of fish fed 
CTRL and nutrient deficient diets. The intensity of the features was graded from 0 (no +) to 
+++. 

 

  



ARRAIN
A P

roj
ec

t 2
01

6

 

 

 
 

94 
This project has received funding from the European Union’s Seventh Programme for research, technological 

development and demonstration under grant agreement No 618105 

 

 

Fig.1. Histological microphotographs of livers from representative fish fed CTRL (A, B), SAA 
(C, D), n-3 LC-PUFA (E, F) and PL (G, H).  Stainings: Giemsa (left pictures), PAS (right 
pictures). 
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Fig. 2. Histological microphotographs of livers from representative fish fed P (A, B), Min (C, 
D) and Vit (E, F) diets. Stainings: Giemsa (left pictures), PAS (right pictures). 
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Fig. 3. Histological microphotographs of posterior intestines from representative fish fed 
CTRL (A, B), SAA (C, D), n-3 LC-PUFA (E, F) and PL (G,H) diets.  Stainings: Giemsa (left 
pictures), PAS (right pictures). 
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Fig. 4. Histological microphotographs of posterior intestines from representative fish fed P 
(A, B), Min (C, D) and Vit (E, F) diets. Stainings: Giemsa (left pictures), PAS (right pictures). 
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Fig. 5. Histological microphotographs of anterior intestines from representative fish fed 
CTRL (A, B), SAA (C, D), n-3 LC-PUFA (E, F) and PL (G, H) diet. Stainings: Giemsa (left 
pictures), PAS (right pictures).  

 



ARRAIN
A P

roj
ec

t 2
01

6

 

 

 
 

99 
This project has received funding from the European Union’s Seventh Programme for research, technological 

development and demonstration under grant agreement No 618105 

 

 

Fig. 6. Histological microphotographs of anterior intestines from representative fish fed P (A, 
B), Min (C, D) and Vit (E, F) diets. Stainings: Giemsa (left pictures), PAS (right pictures). 
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Discussion 

Holistic approaches have been used to address the total or partial FM/FO replacement by 
alternative feedstuffs in a wide range of finfish, including salmonids and typically marine fish. 
A good example is sea bream, in which the long-term consequences of new diet 
formulations on growth and metabolism regulation (Gómez-Requeni et al., 2004; Benedito-
Palos et al., 2007; 2008), health and welfare (Saera-Vila et al., 2009b; Estensoro et al., 
2011; 2012; Ganga et al., 2011; Calduch-Giner et al., 2012; Pérez-Sánchez et al., 2013a; 
2013b), fish quality assessed by fillet FA composition (Benedito-Palos et al., 2009; Ballester-
Lozano et al., 2011; 2014) and food safety by a wide-scope screening of undesirables in 
feestuffs (Nácher-Mestre et al., 2009; 2010) have been considered in an integrated manner. 
However, further research is needed to fully substantiate nutrient requirements in this and 
other farmed fish, and the work conducted herein contributes to fill the gaps on the clinical 
diagnosis of a wide range of nutrient deficiencies, promoting the use of a conventional but 
highly informative set of biometric, biochemical and histological  parameters. This approach 
required, however, highly standardized rearing conditions where performance of CTRL fish 
should be in the upper range for sea bream and class of fish size. Accordingly, the reported 
values for growth rates and feed efficiency did not differ from those found in parallel feeding 
trials with standard diets with 40 % inclusion level of marine feed ingredients (FM & FO) 
(long-term sea bream trial of WP4). Secondly, growth impairment reflects the essentiality of 
nutrient, but also the difficulties/limitations of diet formulation. Hence, EPA and DHA content 
was reduced to trace levels in the n-3 LC-PUFA diet with the total replacement of FO by VO. 
Likewise, the main source of P in FM-free diets was the added calcium phosphate, but more 
difficult was to induce a severe Met deficiency using purified or semi-purified proteins as the 
main source of dietary protein, which explains, at least in part, that the recorded effects on 
fish performance were more severe in n-3 LC-PUFA and P fish than in the Met fish group.  

Besides growth performance, organosomatic indexes are highly informative of health and 
metabolic condition, and much attention is now focused in adipose tissue (AT) as an 
important target tissue for the diagnosis and treatment of most lipid metabolic disorders in 
human medicine. Indeed, AT stores the energy surplus in the form of safety TG, but when 
TG storage reaches a near-maximum level, non-adipogenic tissues are exposed to 
excessive lipid influx, a phenomenon that has been described as lipotoxicity (Unger et al., 
2010). Clinically, this becomes apparent not only with fattening but also with hypoxia, 
blockage of glucocorticoid sensitive pathways and the acquisition and maintenance of 
inflammatory phenotypes (Nawrocki et al., 2005; Bourlier et al., 2009; Maury & Brichard, 
2010). In humans and other animal models, FO and n-3 LC-PUFA of FO are able to reverse 
these clinical symptoms, decreasing lipolysis and improving the inflammatory condition of 
AT, which in turns reduces the production of lipolytic cytokines, the release of FFA and 
thereby the risk of  hepatic steatosis (Puglisi et al., 2011). Less is known about the regulation 
of AT mass in fish species, although it has been established that dietary interventions 
replacing FM and FO have a number of effects on the regulation of intermediary metabolism 
in trout (Panserat et al., 2009) and Atlantic salmon (Leaver et al., 2008). Similarly, key 
enzymes of tissue FA uptake (Saera-Vila et al., 2005; 2007) and mitochondrial respiration 
uncoupling (Bermejo-Nogales et al., 2010) are highly affected by FM and FO replacement 
with plant ingredients in sea bream. In addition, increases in cell size and lipolytic rates are 
characteristic features of isolated adipocytes from fish fed either plant proteins or VO 
(Albalat et al., 2005; Cruz-García et al., 2011a), becoming lipoid liver degeneration a 
common metabolic disturbance in sea bream fed plant ingredients at a high level of 
replacement (Caballero et al., 2004; Gómez-Requeni et al., 2004; Benedito-Palos et al., 
2008). This is confirmed herein with the total replacement of FM by VO in FM-free diets (n-3 
LC-PUFA diet), and a slight reduction of MSI was related to a clear lipodystrophic phenotype 
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with clinical signs of hypolipidemia and hepatomegaly (high HSI). Importantly, the loss of 
mesenteric AT mass was even higher with the reduced vitamin supply and the concurrent 
reduction in circulating choline concentration, but in this case plasma cholesterol levels were 
maintained under normal range values and abnormal liver lipid deposition rates were not 
found by light microscopy in this group of fish, which indicates that the absence or 
modification of AT mass cannot be used as the only criterion for the risk assessment of 
lipodystrophy and/or liver steatosis.  

The main sign of P deficiencies in fish nutritional studies are poor bone mineralization and 
bad growth performance (Lall & McCrea, 2007), which was correlated in the present study 
with low plasma phosphate concentrations and high plasma activities of ALP, a well-known 
bone turnover biomarker associated with fracture risks in postmenopausal women (Garnero 
et al., 2000). In our experimental model, plasma ALP activity was also increased with the 
reduced dietary supply of trace minerals (iron, magnesium, zinc, copper and selenium) in the 
fish fed the Min diet, but great abundance of RC in PI section is a characteristic feature of 
this group of fish, which confirms and extends the idea that cell osmoregulation is dependent 
of tracer minerals rather than P uptake (see histological traits below). Likewise, a different 
role of P and trace minerals is suspected on the regulation of lipid metabolism, and from our 
results is conclusive that the increase of MSI in combination with hyperlipemia highly 
contributes to differentiate P and trace mineral deficiencies in farmed fish, and sea bream in 
particular. 

Hc and Hb values are general indicators of health, and many fish researchers have found 
that these haematological parameters change in response to nutrients deficiencies, 
environmental conditions, growth status and anti-nutritional factors (Garcia Garrido et al., 
1990; Lim and Lee, 2009). In particular, a high incidence of anaemia has been reported in 
yellowtail and parrot fish fed FM-free diets (Maita et al., 1998; Takagi et al., 2008). This has 
been attributed, at least in part, to taurine deficiency and its supplementation seems to be 
required when fish are fed low levels of taurine in FM or PP-based diets (Lim et al., 2013). In 
our experimental model, all the diets were supplemented with taurine (0.3%), and anaemia 
signs with low RBC counts and low Hc and Hb values were found only in fish fed the n-3 LC-
PUFA diet, which also showed an increased erythrocyte osmotic fragility as previously 
reported in rats with FA deficiencies in LC-PUFA (Ehrsthöm et al., 1981). Importantly, this 
clinical sign was not found in the PL fish group, which contributes to better define the 
sometimes overlapping signs of nutrient deficiencies in EFA and PL.  

Other highly specific criteria of diagnosis of nutrient deficiencies are ALP and RB. Certainly, 
previous studies in sea bream highlight the triggered RB of blood leukocytes with the high 
replacement of FO by VO (Saera-Vila et al., 2009b; Estensoro et al., 2011). This was 
confirmed herein in the FO-free diet (n-3 LC-PUFA diet), but not in the absence of soya 
lecithin supplementation or other nutrient induced deficiencies. High PL requirements are 
recognized during early life fish stages to improve survival rates and to reduce the incidence 
of skeletal deformities (Tocher et al., 2008). This is indicative of a close talk between PL and 
bone metabolism, as evidenced by the current PL coating of dental implants to stimulate 
bone formation (Santin et al., 2006). More controversial are the specific requirements of PL 
in juvenile and adult fish stages, although we observed herein a specific and consistent 
decrease in plasma ALP activity with the lack of PL supplementation, which is becoming an 
easy clinical sign to asses PL deficiencies and requirements through all the productive cycle 
of farmed fish. 

Plasma transaminases and GLDH are commonly used in clinical chemistry as markers of 
tissue damage (Ozera et al., 2008), but the results presented herein confirm and extend the 
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idea that they are poorly informative of nutritionally-mediated metabolic derangements, even 
with a 50% reduction of weight gain with the most severe nutrient deficiency (n-3 LC-PUFA 
group). By contrast, overall plasma total antioxidant activity was increased with the 
nutritionally-mediated impairment of growth performance, which would be indicative of a 
reduced aerobic metabolism and thereby production of reactive oxygen species (ROS). 
Strong support for this comes from inbreeding selection of rat strains, which demonstrates 
that most stressful and oxidative risk factors segregate with the low expression of genes 
required for mitochondrial biogenesis and oxidative phosphorylation (Wisløff et al., 2005). In 
sea bream, this notion is supported by the expression pattern of a selected panel of 30-
stress responsive genes, which allows a metabolic phenotype that is prone to “low power” 
mitochondria in crowed stressed fish with a nutritional background of a high dietary FO 
intake, which increases tissue EPA and DHA content, but also the risk of FA to be oxidized 
by ROS in the intracellular milieu (Pérez-Sánchez et al., 2013a). Experimental evidence also 
indicates that plasma antioxidant capacity is increased by hypoxia exposure, probably due to 
the concurrent decrease of basal metabolism, mitochondrial respiration uncoupling and 
oxidative phosphorylation (Bermejo-Nogales et al., 2014). However, the magnitude and even 
the direction of the change is poorly predictable when comparisons are made between this 
and previous feeding trials with practival diets containing FM (Saera-Vila et al., 2009b), 
which highlights the complex trade-off of ROS scavenging and production through the fish 
life cycle and the changing environment, nutrition and feeding schedules. 

Most of the fish growth regulatory events are mediated at the hormonal level by the GH/IGF 
axis, keeping pituitary GH secretion and hepatic/extra-hepatic IGF production under control 
(Company et al., 2001; Pérez-Sánchez et al., 2002; Reindl & Sheridan, 2012). Hence, 
circulating GH and IGF-I are one of the most important endocrine determinants of growth in 
a vast array of stress and nutritional disorders arising from crowding and handling stress 
(Saera-Vila et al., 2009a) or changes in ration size (Pérez-Sánchez et al., 1995, 2002), 
dietary protein/energy ratio (Martí-Palanca et al., 1996; Company et al., 1999) and dietary 
protein and lipid sources  (Gómez-Requeni et al., 2003, 2004; Benedito-Palos et al., 2007). 
This notion is also found herein, and importantly a close positive association between growth 
rates and circulating levels of IGF-I was evidenced regardless of nutrient deficiency. As 
expected, an opposite trend was found for GH and growth rates, which would reflect a 
lowered negative feedback inhibition of IGFs upon pituitary GH release as the result of a 
transcriptional defect in the signal transduction of GH receptors (GHR). This metabolic 
feature leads to liver GH resistance and reduced hepatic IGF production in spite of increased 
plasma levels of GH, as it has been early stated in a wide range of fish species, including 
sea bream (Pérez-Sánchez et al., 1995; Beckman et al., 2004; Pierce et al., 2005; Wilkinson 
et al., 2006). It is also noteworthy that co-expression-studies of GHR together with sequence 
analysis of GHR-flanking regions highly support a differential regulation of the two conserved 
variants of GHR in fish (Gómez-Requeni et al., 2005; Saera-Vila et al., 2007; 2009a; Sitjà-
Bobadilla et al., 2008). However, both in sea bream and other fish species, it remains mostly 
unexplored how the nutritional programing of these and other upstream components of 
GH/IGF axis are affected by a given nutritional deficiency. Thus, additional research is 
ongoing to address at the molecular level this important question in order to unravel a more 
powerful diagnostic tool for practical assessment of nutrient deficiencies and requirements in 
farmed fish. 

Histological traits of selected tissues also gave interesting morpho-histochemical information 
on the effects of the diets. A common morphological alteration in fish liver due to xenobiotics 
and unbalanced diets is the accumulation of fat (Wolf and Wolfe, 2005). If the amounts of 
dietary lipid or energy exceed the capacity of the hepatocytes to oxidize FA or if protein 
synthesis is impaired, a massive synthesis and deposition of TG in the form of vacuoles or 



ARRAIN
A P

roj
ec

t 2
01

6

 

 

 
 

103 
This project has received funding from the European Union’s Seventh Programme for research, technological 

development and demonstration under grant agreement No 618105 

 

 

vesicles is observed in hepatocytes. This condition is termed steatosis and can be found in 
different degrees from microvesicular to macrovesicular in different fish species. It is often 
accompanied by the displacement of the nucleus of hepatocytes and even pyknosis. In sea 
bream, steatosis can result from an increase in the dietary lipid content (Caballero et al., 
1999), from an EFA deficiency (Montero et al., 2001) and from the use of dietary VO (Alexis, 
1997; Caballero et al., 2004; Wassef et al., 2007). In the current study, the highest 
accumulation of hepatic lipids was found in n-3 LC-PUFA fish, followed by SAA, P and Min, 
although the lipid accumulation did not reach the highest score of steatosis observed by us 
with other dietary interventions in sea bream (Sitjà-Bobadilla et al., 2005; Benedito-Palos et 
al., 2008). In addition, glycogen accumulation was also high in the liver of SAA, P and Vit 
fish. This higher hepatic glycogen deposition could be due to differences in carbohydrate 
metabolism, since glycogen is stored in the liver as a reserve of glucose for extrahepatic 
tissues and mobilizes glycogen according to peripheral needs (Bollen et al., 1998). In fish, it 
is common a decrease in liver glycogen following food deprivation (Hall et al., 2006). In any 
case, it is important to remark that the observed glycogen deposition did not reach the 
pathological condition found with other diets or additives such as high levels of butyric acid 
(unpublished own observations). 

Massive accumulation of supranuclear lipid droplets at the intestinal epithelial layer is 
considered a sign of inadequate/unbalanced diets, which is a marker of the reduced 
metabolization of absorbed lipids, either because there are not needed or because they are 
absorbed in a higher amount that needed. This accumulation was not observed at the PI for 
any diet, but it was a clear feature at the AI after feeding with n-3 LC-PUFA, PL and Vit. This 
epithelial accumulation stands as an earlier marker of deregulated lipid metabolism than lipid 
accumulation in the liver, as it was visible in PL and Vit fed-fish, in which lipoid liver 
degeneration was not found. 

Another feature with clear differences among diets was the number of GC and their staining 
characteristics. GC secret mucins, which are mainly found at the periphery of epithelial cells 
and their extracellular environment. The number and size of GC was in general higher at the 
AI than at the PI, and therefore the strongest effects were observed at AI. LC-PUFA was the 
diet that induced a lowest number of GC, which were not stained either by Giemsa or PAS, 
and therefore the mucin content was not neutral or acidic. In fact neutral mucins were absent 
at AI as a result of the feeding with all the diets except SAA and Vit, and at PI except PL and 
Vit. The number of GC was also decreased by other diets (PL and Vit) in coincidence with a 
higher pattern of lipidic epithelial vacuoles. Other dietary interventions and an intestinal 
parasite infection in gilthead sea bream also induced modifications in GC type and number 
(Estensoro et al., 2012; Martínez-Llorens et al., 2012). In fact, the 66VO diet produced a 
significant decrease of GC with neutral and acidic mucins at AI and MI and also of those with 
carboxylic mucins and sialic acid at MI, but no significant changes at PI.  In European sea 
bass fed with mannan oligosaccharides the number of GC secreting acidic mucins was 
increased (Torrecillas et al. 2011). In yellow perch fed with wheat-gluten-protein-based diets 
supplemented with free lysine, the number of GC was also decreased (Ostaszewska et al., 
2013). By contrast, Atlantic salmon (Bakke-McKellep et al., 2000), Atlantic cod (Olsen et al., 
2007) and carp (Urán et al., 2008) fed high-plant-protein-based diets presented GC cell 
hypertrophy and hyperplasia. The observed changes indicate alterations in the intestinal 
mucosa structure, disturbances of intracellular digestion and, in consequence, metabolic 
disorders, which correlate with some growth parameters. These changes could also have an 
effect on the immune system as mucins form a mesh-like structure that impedes the 
diffusion of offending macromolecules, constituting an immune defence barrier and GC 
besides mucins also secret important defence molecules (Dharmani et al., 2009). 
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RC are exclusive to teleost epithelial layers and represent a cell type whose function has not 
definitively been established. However, several authors consider it closely linked to the 
immune system and osmoregulation (Reite, 2005). Many studies consistently report an 
association between RC proliferation/ hyperplasia and the presence of a variety of parasites, 
chemicals and environmental stressors (Manera and Dezfuli, 2004, Shimada Borges et al., 
2013) and they even have been proposed as biomarkers of exposure and as biomarkers of 
effect (Manera and Dezfuli, 2004). RC are normally found in the epithelial layer of the 
digestive tract of fish, though its abundance is very variable depending on the species. 
However, there is no previous report on the relationship with the diet. In the present study, 
the number of RC was increased only at PI and notably in fish fed Min diet. The increased 
presence of RC could therefore be interpreted either as a sign of inflammation or 
osmoregulatory imbalance. It is interesting to denote that the higher presence of RC was 
coincident with other inflammatory markers (intraepithelial lymphocytes and submucosal 
granulocyes) in fish feed Min, PL and Vit diets either at AI or PI. In any case, the observed 
cellular inflammation was mild and by no means comparable with other dietary interventions 
in Atlantic salmon (Baeverfjord and Krogdahl, 1996), common carp (Urán et al., 2008) or in 
sea bream (Sitjà-Bobadilla et al., 2005).  

Concluding remarks and future perspectives 

Intensive research efforts are currently done in fish nutrition to better define the nutrient 
requirements in farmed fish. Special attention is focused in clinical blood biochemistry and 
tissue histopathology as common tools to asses animal health and welfare, but to our 
knowledge this is the first report in sea bream addressing the functional validation of 
organosomatic indexes, basic blood biochemistry and histopathological scoring of liver and 
intestine for the routine clinical assessment of common nutrient deficiencies in marine 
farmed fish.  

The diagnosis outcome might require confirmation by more specific assays, but the 
generated information is by itself very useful for the overall assessment of fish performance 
and metabolic condition when the measured parameters are referred to a control group or 
historical data for a given fish strain, life stage and/or rearing condition.  

The already available information is summarized in Table 6 as a set of clinical signs for a 
given nutritional deficiency in sea bream, and feedback inputs from other species in the 
project will serve to determine how nutrient and fish species-specific are these diagnostic 
criteria.  

More data are however needed to establish the normal range of variation for the most 
informative parameters as a function of season, age, sex, reproductive performance and 
growth potentiality. This is the rationale for the combined use of data from this study with 
those derived from the long term-feeding trial of WP4, covering a wide range of variation for 
marine and plant ingredients without apparent detrimental effects of fish performance 
through the production cycle. The information needs to be further refined, but a first draft 
database covering data of organosomatic indexes and basic blood biochemistry has been 
already delivered (Table 7). 

The redaction of the paper including all these data is in progress to be submitted in Br J Nutr. 
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Table 6.  Set of clinical signs for the diagnosis of nutrient deficiencies in sea bream fed nutrient 
defficient diets.*, indicates the magnitude of change. 

  PARAMETER CATEGORY/ANALYTE DIET

SAA n-3 LC-PUFA PL P Min Vit

Growth performance Growth Low Low* Low Low Low Low

Feed efficiency No change Low No change Low* No change No change

Feed intake Low Low* Low Low Low Low

Somatic indexes Hepatosomatic index No change High No change No change Low No change

Mesenteric fat index No change Low Low High No change Low*

Viscerosomatic index No change No change No change High No change No change

Nutrient retention Fat retention Low Low* Low Low No change Low*

Nitrogen retention No change Low No change Low* No change No change

Haematology Hematocrit No change Low No change No change No change No change

Hemoglobin No change Low No change No change No change No change

Red Blood Cells No change Low No change No change No change No change

Blood biochem/electrolytes Calcium No change No change No change No change No change Low

Chloride No change No change No change No change No change No change

Magnesium No change No change No change No change No change No change

Phosphate No change No change No change Low No change No change

Blood biochem/metabolites Glucose No change No change No change No change No change No change

Triglycerides No change Low No change High No change Low

Total cholesterol No change Low* No change High No change Low

Total proteins Low Low Low No change No change Low

Creatinine No change Low No change No change No change Low

Choline Low No change No change No change Low Low*

Blood biochem/enzymes ALAT No change No change No change No change No change No change

ASAT No change No change No change No change No change No change

GLDH No change No change No change No change No change No change

ALP No change No change Low High Low Low

Blood biochem/ Antioxidant capacity High High High High* High* High*

oxidative/inflammatory condition Respiratory burst No change High No change No change No change No change

Lysozyme No change No change No change No change No change No change

Blood biochem/hormones Growth Hormone High High High* High High High

IGF-I Low Low Low* Low Low Low

Histology/liver Glycogen depots High High No change High High No change

Lipid droplets High High* No change High High No change

Histology/ant. Intestine Lipid droplets No change High* High No change No change High

Lymphocyte submucosa No change No change No change No change No change High

Granulocyte submucosa No change No change High No change High High*

GC PAS + No change Low Low Low Low Low

Histology/post. Intestine Lipid droplets No change No change No change No change No change No change

Lymphocyte submucosa No change No change High No change No change High

Granulocyte submucosa No change No change No change No change High High

GC PAS + No change No change High No change No change High

GC Giemsa + No change Low No change Low Low Low

Rodlet cells No change No change High High High* High



ARRAIN
A P

roj
ec

t 2
01

6

 

 

 
 

106 
This project has received funding from the European Union’s Seventh Programme for research, technological development and demonstration under grant agreement No 

618105 

 

 

Table 7. Reference values for organosomatic indexes and basic blood biochemistry in farmed gilthead sea bream.  
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3.4.2 Tissue-specific expression profiling of lipid-relevant genes in 
nutritionally challenged sea bream 

 

Background 

While global fisheries are in decline, the aquaculture industry is continuously growing and 
several efforts have been directed towards the reduction of wild-fishery-derived raw 
materials in the feeds of farmed fish. Much attention has been focused on plant ingredients 
and there is now accumulating evidence for a successful and combined replacement of FM 
and FO in fish feeds (Benedito-Palos et al., 2009; Nasopoulou and Zabetakis, 2012; Tacon 
and Metian, 2008). Hence, the current targets for FM and FO give Fish-In Fish-Out (FIFO) 
coefficients lower than 1.5 for most fish production systems, including those of salmonids 
and typically marine fish (Kaushik and Troell, 2010; Shepherd and Jackson, 2013). However, 
concerted efforts are still needed to undertake an in-depth assessment of the consequences 
of feeding very low FM and FO diets (less than 10% inclusion levels for marine ingredients), 
and additional knowledge is welcome to fill the gaps in nutritionally-mediated disorders 
arising from reduced growth and survival, impaired reproductive function, fin erosion and 
lordosis, stressful behaviour, heart failure, liver steatosis and the intense accumulation of 
lipid droplets in the hindgut (Francis et al., 2001; Glencross, 2009; Montero and Izquierdo, 
2011). Most of these symptoms of nutrient deficiencies disappear with the fortification of fish 
feeds with essential fatty acids and phospholipids (Benedito-Palos et al., 2008; Olsen et al., 
2003), although specific requirements for the latter have not yet been reported for juvenile 
fish (Tocher et al., 2008).Therefore, there is a strong need for integrative tools that are 
capable of describing and predicting any metabolic disturbance of lipid metabolism in fish.  

Genome-wide expression analyses demonstrate that lipid accumulation and fuel partitioning 
are highly regulated in salmonids by changes in the expression and activity of fatty acid 
elongases, desaturases and key enzymes involved in cholesterol and lipoprotein metabolism 
(Morais et al., 2012; 2011; Panserat et al., 2009). Likewise, the expression and activity of 
lipoprotein lipases and ∆9 fatty acid desaturases are highly regulated by hormones and 
dietary nutrients in gilthead sea bream (Albalat et al., 2007; Benedito-Palos et al., 2013; 
Saera-Vila et al., 2005). Attempts to identify hormonally- and nutritionally-regulated 
transcription factors of lipolysis, lipogenesis and adipogenesis (e.g., peroxisome proliferator-
activated receptors, tumour necrosis factor α, liver x receptor) have also been performed in a 
wide range of fish species, including gilthead sea bream (Benedito-Palos et al., 2013; Cruz-
García et al., 2009a; 2009b; Saera-Vila et al., 2007), Atlantic salmon (Martínez-Rubio et al., 
2013), rainbow trout (Cruz-García et al., 2009a; Cruz-García et al., 2011b) and flounder fish 
(Cho et al., 2012). However, for a given tissue and physiological condition, the transcriptional 
plasticity of most lipid-related genes remain uncertain.  

Accordingly, the aim of the present study was to phenotype at the transcriptional level the 
tissue-specific regulation of lipid metabolism in nutritionally challenged fish, focusing on a 
panel of 40 genes which were selected as markers of FA, PL, acylglycerol and lipoprotein 
metabolism. The final aim is to define a data set of highly informative molecular markers of 
nutritional condition for any given tissue. To pursue this issue, we took advantage of the 
recently updated transcriptomic database of sea bream, hosted at www.nutrigroup-
iats.org/seabreamdb that contains assembled nucleotide data from public and private 
repositories, ESTs collection and high-throughput sequence libraries, which has been 
annotated by homology comparison to several protein and nucleotide databases (Calduch-
Giner et al., 2013). 



ARRAIN
A P

roj
ec

t 2
01

6

 

 

 

 

111 
This project has received funding from the European Union’s Seventh Programme for research, technological 

development and demonstration under grant agreement No 618105 

 

 

Experimental setup 

Animal care and experimental setup  

Juvenile sea bream of Atlantic origin (Ferme Marine de Douhet, Ile d’Oléron, France) were 
cultured in the indoor experimental facilities of the Institute of Aquaculture Torre de la Sal 
(IATS). Photoperiod and water temperature followed natural changes at IATS latitude 
(40º5N; 0º10E), and fish were fed to visual satiety with a commercial diet (Efico YM 564, 
Biomar, Aarhus, Denmark) for 74 days, from 21st July to 3th October. Following this period, 
fish of 80-90 g body mass were randomly distributed in duplicate tanks of 500 L in groups of 
30 fish each. One group of fish continued to be fed as usual (CTRL group) while the other 
group was fasted for 10 days prior to the tissue sampling (fasted group). At harvest, eight 
randomly selected fish per experimental group were anaesthetised following overnight 
fasting with 3-aminobenzoic acid ethyl ester (MS-222, 100 mg/ml). Mesenteric adipose 
tissue, liver, brain and a representative portion of the skeletal muscle (dorsal white muscle) 
were rapidly excised under RNAse-free conditions, frozen in liquid nitrogen and stored at -
80ºC until gene expression analyses were performed. 

All procedures were carried out according to the national (IATS-CSIC Review Board) and 
present EU legislation on the handling of experimental animals. 

Gene sequence analysis  

The nutrigroup-iats.org/seabreamdb database contains 594 non-redundant sequences with 
the Gene Ontology term “lipid metabolic process” (GO:0006629). This allowed the 
unequivocal identification (E-value < 5e-66) of 19 new sea bream sequences uploaded to 
GenBank with accession numbers JX975700-JX975718 (Table 1). The list included four 
fatty acid elongases (elongation of very long chain fatty acids 1, 4, 6 and 7: ELOVL1b, 
ELOVL4, ELOVL6, ELOVL7), seven phospholipases (group XIIA secretory phospholipase 
A2, PLA2G12A; group XIIB secretory phospholipase A2, PLA2G12B; group XV 
phospholipase A2, PLA2G15; retinoic acid receptor responder protein 3, RARRES3; 85kDa 
calcium-independent phospholipase A2, PLA2G6; cytosolic phospholipase A2, cyt-PLA2; 
intestinal phospholipaseA2, int-PLA2) and eight lipase-related enzymes (lipase member H, 
LIPH; adipose triglyceride lipase, ATGL; sn1-specific diacylglycerol lipase β, DAGLB; 
monoacylglycerol lipase abhydrolase domain-containing protein 6a and 12b, ABHD6a, 
ABHD12b; carboxyl ester lipase, CEL; colipase-dependent pancreatic lipase, cd-PL; lipase 
maturation factor 1, LMF1). Fourteen out of the 19 comprised complete codifying sequences 
with open reading frames of  446–1733 nucleotides in length and a variable number of reads 
(8-693) composing the assembled sequences. 
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Table 1. Characteristics of new assembled sequences according to BLAST searches. 

aNumber of sequences.  
bGene identity determined through BLAST searches. ELOVL1b, elongation of very long chain fatty acids 
1b; ELOVL4, elongation of very long chain fatty acids 4; ELOVL6, elongation of very long chain fatty 
acids 6; ELOVL7, elongation of very long chain fatty acids 7; PLA2G12A, group XIIA secretory 
phospholipase A2; PLA2G12B, group XIIB secretory phospholipase A2; PLA2G15, group XV 
phospholipase A2; RARRES3, retinoic acid receptor responder protein 3; PLA2G6, 85kDa calcium-
independent phospholipase A2; cyt-PLA2, cytosolic phospholipase A2; int-PLA2, intestinal 
phospholipase A2; ATGL, adipose triglyceride lipase; ABHD12b, monoacylglycerol lipase abhydrolase 
domain-containing protein 12; ABHD6a, monoacylglycerol lipase abhydrolase domain-containing protein 
6a; CEL, carboxyl ester lipase; LIPH, lipase member H; DAGLB, sn1-specific diacylglycerol lipase β; cd-
PL, colipase-dependent pancreatic lipase; LMF1, lipase maturation factor 1. 
cBest BLAST-X protein sequence match. 
dExpectation value. 
eCodifying sequence. 

 

Gene expression analysis 

Total RNA from tissues was extracted using a MagMAXTM-96 total RNA isolation kit (Life 
Technologies, Carlsbad, CA, USA). RNA yield was 50–100 µg with UV absorbance 
measures (A260/280) of 1.9–2.1 and RIN (RNA integrity number) values of 8-10 as measured 
on an Agilent 2100 Bioanalyser, which is indicative of clean and intact RNA. Reverse 

GenBank Contig Fa size (nt) Annotationb Best matchc Ed CDSe 

JX975700 C2_316 693 1529 ELOVL1b XP_003439861 0.0 124-1089 

JX975701 C2_13708 30 1315 ELOVL4 XP_003440051 1e-158 229-1020 

JX975702 C2_43870 8 1290 ELOVL6 XP_003443447 2e-163 165-971 

JX975703 C2_63003 8 580 ELOVL7 XP_003446185 1e-118 31->580 

JX975704 C2_6651 86 1316 PLA2G12A XP_003452268 7e-125 185-766 

JX975705 C2_8678 62 1070 PLA2G12B ACQ58624 7e-123 26-664 

JX975706 C2_4128 172 3424 PLA2G15 XP_003439481 0.0 221-1486 

JX975707 C2_6806 137 1070 RARRES3 AC009640 3e-71 159-674 

JX975708 C2_6027 63 1647 PLA2G6 CAK05383 0.0 <1-1066 

JX975709 C2_7071 70 2777 cyt-PLA2 XP_003445168 0.0 456-2669 

JX975710 C2_1462 348 1229 int-PLA2 BAB20241 5e-66 187-633 

JX975711 C2_10823 60 2384 ATGL ADY89608 0.0 <1-1284 

JX975712 C2_4226 149 2204 ABHD12b XP_003441119 0.0 144-1196 

JX975713 C2_14725 37 1587 ABHD6a XP_003447746 0.0 92-1099 

JX975714 C2_73027 201 1807 CEL CAF94246 0.0 23-1687 

JX975715 C2_33966 25 1074 LIPH XP_003446885 0.0 <1->1074 

JX975716 C2_12991 71 1866 DAGLB XP_003438553 0.0 <1-1485 

JX975717 C2_18392 20 1487 cd-PL BAF31237 0.0 24-1433 

JX975718 C2_7945 75 2083 LMF1 CBN81183 0.0 31-1764 
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transcription (RT) of 500 ng of total RNA was performed with random decamers using the 
High-Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA, USA) according to 
the manufacturer’s instructions. Negative control reactions were run without reverse 
transcriptase. Quantitative real-time PCR (qPCR) was performed using an Eppendorf 
Mastercycler Ep Realplex real-time PCR system (Eppendorf, Wesseling-Berzdorf, 
Germany).  

The 96-well PCR array layout was designed for the simultaneous profiling of a panel of 40 
genes in duplicate format (Table 2). The set of genes included five FA elongases (ELOVL1b, 
ELOVL4, ELOVL5, ELOVL6, ELOVL7), three FA desaturases (FA desaturase 2, FADS2;  
stearoyl-CoA desaturase 1, SCD1a and SCD1b), ten PL synthesis and remodelling enzymes 
(lysophosphatidylcholine acyltransferase 1-3, LPCAT1, LPCAT2, LPCAT3; 
phosphatidylethanolamine N-methyltransferase, PEMT; PLA2G12A; PLA2G12B; PLA2G15; 
RARRES3; PLA2G6; cyt-PLA2; int-PLA2), thirteen lipase-related genes (hepatic lipase, HL; 
lipoprotein lipase, LPL; lipoprotein lipase-like, LPL-like; LMF1; LIPH; lysosomal acid lipase, 
LIPA; hormone sensitive lipase, HSL; ATGL; DAGLB; ABHD6a; ABHD12b; CEL; cd-PL; int-
PLA2), four enzymes of fatty acid β-oxidation (carnitine palmitoyltransferases, CPT1A and 
CPT1B; enoyl-CoA hydratase, ECH; hydroxyacyl-CoA dehydrogenase, HADH), and four 
transcription factors (liver X receptor α, LXRα; peroxisome proliferator-activated receptors, 
PPARα, PPARβ, PPARγ). Housekeeping genes and controls of general PCR performance 
were included on each array, with all of the pipetting operations performed using the 
EpMotion 5070 Liquid Handling Robot (Eppendorf). Briefly, RT reactions were diluted to 
convenient concentrations and the equivalent of 660 pg of total input RNA was used in a 25 
µL volume for each PCR reaction. PCR-wells contained a 2x SYBR Green Master Mix (Bio-
Rad, Hercules, CA, USA), and specific primers at a final concentration of 0.9 µM were used 
to obtain amplicons of 50–150 bp in length.  

The program used for PCR amplification included an initial denaturation step at 95ºC for 3 
min, followed by 40 cycles of denaturation for 15 s at 95ºC and annealing/extension for 60 s 
at 60ºC. The efficiency of PCR reactions was always higher than 90%, and negative controls 
without sample templates were routinely used for each primer set. The specificity of 
reactions was verified by analysis of melting curves (ramping rates of 0.5ºC/10 s over a 
temperature range of 55–95ºC), linearity of serial dilutions of RT reactions, and 
electrophoresis and sequencing of PCR amplified products. Fluorescence data acquired 
during the PCR extension phase were normalised using the delta-delta Ct method (Livak 
and Schmittgen, 2001). β-actin, elongation factor 1, α-tubulin and 18S rRNA were initially 
tested for gene expression stability using GeNorm software, and the most stable gene was 
found to be β-actin (M score = 0.21); therefore, this gene was used as a housekeeping gene 
in the normalisation procedure for routine assays. Fold-change calculations for each gene in 
a given tissue were in reference to the expression ratio between fasted and CTRL fish 
(values > 1 indicate fasting up-regulated genes; values < 1 indicate fating down-regulated 
genes). For the clarity of results in a scalable manner, all data values were in reference to 
the expression level of LXRα in CTRL fish with an arbitrarily assigned value of 1 in multi-
gene analysis comparisons. 
 

Statistical analysis 

Changes in gene expression for a given tissue and nutritional condition were analysed by 
one-way analysis of variance followed by the Student-Newman-Keuls tests at a significance 
level of 5%. The fasting-mediated effects on growth performance and gene expression were 
analysed by Student t-test at a significance level of 5%. All analyses were performed using 
the SPSS package version 20.0 (SPSS Inc., Chicago, IL, USA). 
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Table 2. PCR array layout in a duplicated format (40 x 2) with extra-wells for housekeeping genes and general 
controls of PCR performance.  

 1 2 3 4 5 6 7 8 9 10 11 12 

A ELOVL1b LPCAT1 PLA2G6 LIPA CPT1A ELOVL1b LPCAT1 PLA2G6 LIPA CPT1A PPC1 PPC1 

B ELOVL4 LPCAT2 cytPLA2 HSL CPT1B ELOVL4 LPCAT2 cytPLA2 HSL CPT1B PPC2 PPC2 

C ELOVL5 LPCAT3 intPLA2 ATGL ECH ELOVL5 LPCAT3 intPLA2 ATGL ECH PPC3 PPC3 

D ELOVL6 PEMT HL DAGLB HADH ELOVL6 PEMT HL DAGLB HADH PPC4 PPC4 

E ELOVL7 PLA2G12A LPL ABHD6a LXRα ELOVL7 PLA2G12A LPL ABHD6a LXRα NPC NPC 

F FADS2 PLA2G12B LPL-like ABHD12b PPARα FADS2 PLA2G12B LPL-like ABHD12b PPARα NPC NPC 

G SCD1a PLA2G15 LMF1 CEL PPARβ SCD1a PLA2G15 LMF1 CEL PPARβ ACTB ACTB 

H SCD1b RARRES3 LIPH cd-PL PPARγ SCD1b RARRES3 LIPH cd-PL PPARγ ACTB ACTB 
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Main results 

Growth performance  

Continuously fed fish (CTRL) grew efficiently with an 18-20% increase in body weight and a 
feed efficiency (wet weight gain/dry feed intake) of 1.04 over the course of the 10 day 
experimental period. Fasted fish shared a 6-8% loss in body weight mass. In tissue-sampled 
fish, viscera weight and liver weight of CTRL fish were significantly higher than those of 
fasted fish; the resulting viscerosomatic and hepatosomatic indexes (100 x tissue weight/fish 
weight) varied from 8.5% to 5.4% and from 2.1% to 0.6%, respectively (Table 3). 

 
Table 3. Growth and biometric parameters of feed (CTRL group) and fasted sea bream. 
Each value is the mean ± SEM of the 8 sampled fish for transcriptional analysis.  
 

 
 
Initial average weight for the entire population was 86 ± 0.08 g.  
aP values result from Student-t test. 
bViscerosomatix index = (100 × viscera wt.) / fish wt. 
cHepatosomatic index = (100 × liver wt.) / fish wt. 

Gene expression profiling 

int-PLA2 was not expressed in any of the analysed tissues, and was used as a negative 
control of PCR reactions. ELOV7 and CPT1B were not found at detectable levels in the liver 
tissue, whereas the expression of HL was only detectable in that tissue. LIPH and cd-PL 
were not expressed at detectable levels in the white skeletal muscle, while LPL, CEL and cd-

PL remained below detectable levels in the brain. The remaining genes (30) were found at 
detectable levels in all four analysed tissues, with a gene expression profile that reflected the 
lipid storage capacity and biosynthetic and lipid oxidative capabilities of each tissue in a 
given nutritional condition. Accordingly, the tissue-specific molecular signature of lipases, 
desaturases, elongases, phospholipid-related enzymes and lipid oxidative enzymes changed 
gradually from adipose tissue, liver, brain and white skeletal muscle (Fig. 1). Hence, 
regarding the top 10 genes with the highest expression, the mesenteric adipose tissue of 
CTRL fish was characterised by a high expression level of acylglycerol lipases (CEL > LPL, 
cd-PL, HSL, ATGL) and ∆9 desaturases  (SCD1b), and to a lesser extent, of ELOVL1b, 
PPARγ and HADH. In the liver tissue, a high level of expression was also found for 
acylglycerol lipases (CEL > HL, cd-PL), but the relative weight of elongases (ELOVL1b, 
ELOVL5, ELOVL6), ∆6 and ∆9 desaturases (FADS2, SCD1b > SCD1a) and the 
phospholipase PLA2G12B was more important than in adipose tissue. This was more 

  CTRL Fasted P a 

Final body weight (g) 109.48 ± 3.42 79.93 ± 1.82 <0.001 

Viscera (g) 9.35 ± 0.49 4.34 ± 0.23 <0.001 

Liver (g) 2.31 ± 0.13 0.52 ± 0.03 <0.001 

VSI (%) b 8.52 ± 0.23 5.41 ± 0.19 <0.001 

HSI (%) c 2.10 ± 0.06 0.64 ± 0.02 <0.001 

DM intake (g/fish)  17.25 -  
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evident in brain, where the greatest expression level was achieved by elongases (ELOVL1b 
> ELOVL5, ELOVL 6) and secondly by ∆9 desaturases (SCD1b > SCD1a) and the 
phospholipase RARRES3. In contrast, the lipid transcriptome of white skeletal muscle was 
mostly characterised by the high expression level of fatty acid oxidative markers (HADH > 
ECH, CPTIA).  
  

 

 

 

 

 

 

 

 

 

Figure 1. Gene expression 
values for the top 10 genes 
with the highest expression 
in different tissues (A, 
mesenteric adipose tissue; 
B, liver; C, brain; D, skeletal 
muscle) of the control 
group. Different colours 
indicate the biological 
function of the genes. Data 
are the mean of 8 fish ± 
SEM. β-actin was used as a 
housekeeping gene. Within 
a tissue, different 
superscript letters indicate 
significant differences 
(Student-Newman Keuls 
test, P<0.05). 
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To compare the tissue gene expression pattern of CTRL and fasted fish, the relative 
expression level of all genes in the PCR array were plotted against each other in a scatter 
plot with a fold-change cut-off of 1.25 and 0.8 for differentially expressed genes at a 
significance level of 5%. The adipose tissue showed an overall down-regulated response 
that was statistically significant for PPARγ, ELOVL5, ∆9 desaturases (SCD1a and SCD1b) 
and several lipases (CEL, LPL, LIPA) with fold-changes varying between 0.04 and 0.6 (Fig. 

2A). The magnitude and intensity of change was higher in the liver tissue with a strong 
down-regulation of elongases (ELOVL4-6), desaturases (SCD1a, SCD1b, FADS2), 
phospholipid-related enzymes (PEMT, LPCAT2, LPCAT3, RARRES3, PLA2G12B, 
PLA2G6), acylglycerol lipases (cd-PL, CEL, HL), LMF1, ECH and transcription factors 
(PPARγ and LXRα), which in turn was  accompanied by the up-regulation of ATGL, LPL and 
LPL-like as well as HADH and CPT1A (Fig. 2B). The genes for LPL-like, LMF1, the 
phospholipase PLA2g15 and markers of fatty acid-β oxidation (HADH, CPT1A, CPT1B) 
were also up-regulated in the skeletal muscle of fasted fish, in association with a strong 
down-regulation of ∆9 desaturases (SCD1a and SCD1b) (Fig. 3A). All of this is in contrast 
with the observations made in the brain tissue, where the analysed lipid markers remained 
almost unaltered by fasting (Fig. 3B). For a corollary overview of fold-changes in gene 
expression between CTRL and fasted fish for a given tissue and differentially expressed 
gene, see Fig. 4.  
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Figure 2. Scatterplots for gene expression values in sea bream of the control and fasted groups 
plotted against each other in mesenteric adipose tissue (A) and liver (B). Data are the mean of 8 fish. 
Standard error is not plotted to simplify the graphical representation. β-actin was used as a 
housekeeping gene; regardless of dietary group, all data values referred to the expression level of 
LXRα in control fish. Red text denotes up-regulated genes (P<0.05) in fasted fish; green text denotes 
down-regulated genes (P<0.05) in fasted fish; black text indicates non-differentially regulated genes 
(for simplicity, only the most representative are indicated). 
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Brain-CTRL, Relative mRNA expression
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Figure 3. Scatterplots for gene expression values in sea bream of the control and fasted groups 
plotted against each other in skeletal muscle (A) and brain (B). Data are the mean of 8 fish. Standard 
error is not plotted to simplify the graphical representation. β-actin was used as a housekeeping gene; 
regardless of dietary group, all data values referred to the expression level of LXRα in control fish. 
Red text denotes up-regulated genes (P<0.05) in fasted fish; green text denotes down-regulated 
genes (P<0.05) in fasted fish; black text indicates non-differentially regulated genes (for simplicity, 
only the most representative are indicated). 
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Figure 4. Graphical representation of fold-changes of differentially expressed genes (fasted versus 
control fish) for liver (A), mesenteric adipose tissue (B) and skeletal muscle (C) of sea bream. 
Different colours indicate the biological function of the genes. 
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Discussion  

Lipid content and fatty acid composition are important traits for meat fish quality, and 
research efforts have been focused on developing breeding programs to select lean fish with 
a high content of n-3 long chain polyunsaturated fatty acids (LC-PUFA) (Bell et al., 2010; 
Lefevre et al., 2007). This strengthens the importance of web tools (www.nutrigroup-
iats.org/aquafatdb) for predictive modelling the fillet fatty acid composition on the basis of 
different lipid deposition rates and diet composition as independent variables (Ballester-
Lozano et al., 2011; 2014). However, there are important gaps in fish lipid metabolism and 
the rationale of the present study is to upload new sea bream nucleotide sequences (up to 
19) to public databases, also addressing the tissue-specific co-regulation of a panel of 40 
lipid-related genes, selected as markers of fatty acid, triacylglycerol, PL and lipoprotein 
metabolism. Liver, skeletal muscle, adipose tissue and brain were chosen as target tissues 
on the basis of their different lipid metabolic capabilities, with the brain being the most 
refractory tissue to changes in nutrient availability. This concurs with the great robustness of 
the brain fatty acid profile of sea bream when fish are challenged with dietary vegetal oils 
(Benedito-Palos et al., 2010). In contrast, liver and secondly adipose tissue and skeletal 
muscle showed pronounced changes in their lipid gene expression profile in response to 
nutrient deprivation and the depletion of body fat stores, affecting fatty acid elongases, 
desaturases, acyltransferases, methyltransferases, phospholipases and several enzymes of 
the lipase gene superfamily, as described below.  

 Fatty acid bioconversion  

To date, seven ELOVLs (ELOVL1–7) have been identified in mammals (Jakobsson et al., 
2006). Among them ELOVL1, ELOVL3, ELOVL6 and ELOVL7 show a substrate preference 
for saturated and monounsaturated fatty acids, whereas ELOVL2, ELOVL4 and ELOVL5 are 
more selective for polyunsaturated fatty acids (PUFA). ELOVL5 has been cloned and 
functionally characterised in several fish species, including freshwater fish (Agaba et al., 
2004), salmonids (Morais et al., 2009) and marine fish (Gregory et al., 2010; Mohd-Yusof et 
al., 2010; Monroig et al., 2013; Morais et al., 2012), whereas ELOVL2 remains restricted to 
freshwater fish and salmonids (Monroig et al., 2009; Morais et al., 2009; Tan et al., 2010). 
More recently, ELOVL4 has also been characterised in zebrafish (Monroig et al., 2010), 
Atlantic salmon (Carmona-Antonanzas et al., 2011), cobia (Monroig et al., 2011) and 
rabbitfish (Monroig et al., 2012), but to the best of our knowledge, only ELOVL5 has been 
characterised in sea bream (Agaba et al., 2005). Therefore, the uploading of four new 
sequences to public repositories, unequivocally annotated as ELOVL1b, ELOVL4, ELOVL6 
and ELOVL7, is of relevance for sea bream, which is now one the few fish species with an 
almost complete dataset of actively transcribed ELOVLs. In that sense, the lack of ELOVL2 
is noteworthy, and is consistent with the blockage of the last elongation steps of the LC-
PUFA biosynthetic pathways in marine fish (Monroig et al., 2009; Morais et al., 2009). 
Likewise, ELOVL3 is related to the synthesis of saturated and monounsaturated fatty acids 
of very long chains, and to the best of our knowledge, an orthologous gene has not yet been 
reported in sea bream or any other fish. A number of authors have highlighted some ELOVL 
functional redundancy, and suggest that ELOVL4 might serve to compensate, at least in 
part, for the lack of ELOVL2 (Monroig et al., 2012; 2011), although our results only 
supported a modest expression of ELOVL4 in liver. A tissue-specific expression pattern was 
found for ELOVL7 with no detectable levels in the liver and a moderately high expression in 
the brain, although the physiological significance of this finding remains to be established. 
From our results, it is also clear that the hepatic expression of ELOVL4, ELOVL5 and 
ELOVL6 is highly regulated at the transcriptional level by the nutritional condition, with a 
pronounced down-regulation in fasted fish. In contrast, ELOVL1b remained almost unaltered 
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in all of the analysed tissues, which agrees with the proposed role of ELOVL1 as a 
“housekeeping elongase” in mammals (Guillou et al., 2010).  

A general statement is that enzymes with ∆5 desaturase activity are not found in the 
genome of marine fish and the characterised FADS2 only has ∆6 desaturase activity (Seiliez 
et al., 2003; Zheng et al., 2004a; 2009). Experimental evidence also indicates that the 
expression of FADS2 is subjected to nutritional regulation in different fish species (reviewed 
by Vagner and Santigosa, 2011) with an enhanced expression with the replacement of FO 
with vegetable oils in either salmonids (Zheng et al., 2005; 2004b) or marine fish (González-
Rovira et al., 2009; Izquierdo et al., 2008). The same is known to occur in Atlantic salmon 
fed low energy diets (Martínez-Rubio et al., 2013). However, low expression levels have 
been reported in Atlantic cod (Tocher et al., 2006) and European sea bass (González-Rovira 
et al., 2009) regardless of the dietary lipid composition. In the case of sea bream, the 
expression of FADS2 was markedly down-regulated by fasting (11-fold decrease), which 
primarily reflects a low FA bioconversion of 18:3n-3 to 18:4n-3 and 18:2n-6 to 18:3n-6 with 
the reduced feed intake. Besides, with the advent of new feed formulations, our results 
demonstrate a high expression of FADS2 in the liver of fish fed continuously in comparison 
with other lipid-related genes. It appears therefore that FASD2 is a non-limiting enzyme in 
the LC-PUFA biosynthetic pathway of sea bream, although measurements of enzymes 
activities are needed to confirm this assumption in this and other marine fish species.  

In contrast to ∆5 and ∆6 desaturases, SCD1 enzymes with ∆9 desaturase activity are mostly 
ubiquitous in all living organisms with palmitoleic acid and oleic acid being the major 
products of SCD activity. In teleost fish, two SCD isoforms have been found as duplicated 
genes of SCD1-type (Castro et al., 2011), but the SCD1b variant is clearly expressed at a 
higher level in the skeletal muscle of sea bream (Benedito-Palos et al., 2013). In the present 
study, the same tendency appears to occur in liver, mesenteric adipose tissue and brain; 
however, regardless of this, SCD1a and SCD1b transcripts were markedly down-regulated 
by fasting in skeletal muscle (10- and 5-fold lower expression, respectively), adipose tissue 
(4- and 25-fold lower expression, respectively) and liver (33- and 100-fold lower expression, 
respectively), which confirms and extends the idea that SCD1 enzymes are strong markers 
of lipogenesis in a wide range of tissues and species, including fish and mammals (Ntambi 
et al., 2002; Sampath et al., 2007).  

Phospholipid synthesis 

Phospholipids are first synthesised in the de novo Kennedy pathway (Kennedy and Weiss, 
1956), but their FA composition at the sn-2 position is altered in the remodelling Land's cycle 
(Lands, 1958) through the concerted action of acyltransferases and phospholipase A2 
enzymes. Other important regulatory steps of PL synthesis are the transmethylation 
reactions catalysed by the PEMT enzyme to convert phosphatidylethanolamine to 
phosphatidylcholine. Therefore, the down-regulated expression of PEMT and LPCAT1-3 in 
the liver tissue of fasted fish is indicative that PL synthesis and remodelling are highly 
regulated at the transcriptional level in this tissue by the nutritional condition. Conversely, 
none of these enzymes were transcriptionally regulated by fasting in muscle, adipose tissue 
or brain, as previously reported for the skeletal muscle of fish fed the maintenance ration 
(Benedito-Palos et al., 2013). Regarding the phospholipase superfamily, we also found 
down-regulated expression of PLA2G12B, RARRES3 and PLA2G6 in the liver tissue of 
fasted fish. Of note, the opposite regulation was found for PLA2G15 in skeletal muscle, 
although it remains unclear whether PLA2G15 might drive the increased retention of 
arachidonic acid and docosahexaenoic acid in the muscle PLs of fasted fish (Benedito-Palos 
et al., 2013).  
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Tissue fatty acid uptake 

Most of the metabolic re-arrangements that occur during fasting to maintain energy 
homeostasis also involve several vascular enzymes of the lipase superfamily, which act as 
key-limiting enzymes of tissue fatty acid uptake. In that sense, it is noteworthy that the 
overall literature strongly supports a distinct substrate specificity of LPL and HL to 
accommodate to the full spectrum of circulating lipoproteins (reviewed by Wong and Schotz, 
2002). Hence, LPL catalyses the hydrolysis of triglycerides transported in the bloodstream 
as chylomicrons and very-low-density lipoproteins (VLDL) (Mead et al., 2002), whereas HL 
preferentially uses intermediate-density lipoproteins (IDL) as substrates (Berg, 2001). 
Importantly, the expression of HL is restricted to liver, whereas LPL is more ubiquitous with 
an enhanced expression and activity in adipogenic tissues, which follows the changes in 
lipolysis and adipose tissue mass in sea bream arising from a wide range of environmental 
and nutritional challenges (Albalat et al., 2007; Pérez-Sánchez et al., 2013; Saera-Vila et al., 
2005; 2007). Furthermore, the regulation of LPL is very often opposite in liver and adipose 
tissue in order to drive the flux of lipids from adipose tissue towards the liver and vice versa. 
This was also found herein in response to fasting, although, paradoxically, the trend for LPL 
and HL expression is not the same in the liver tissue. Furthermore, in previous studies of 
stress kinetics (Calduch-Giner et al., 2010; Pérez-Sánchez et al., 2013), the magnitude of 
change in HL expression is lower than that of LPL. This agrees with the observation that the 
hepatic expression of LPL is up-regulated by short-term fasting in red sea bream (Oku et al., 
2006), whereas the expression of HL remains almost unaltered.  

There is also experimental evidence for a second isoform of LPL, exclusive of fish lineage 
and annotated by us as LPL-like (Benedito-Palos et al., 2013). Importantly, this isoform is 
preferentially expressed in the skeletal muscle of sea bream, and a different tissue 
distribution has also been reported in red sea bream (Oku et al., 2006) and torafugu (Kaneko 
et al., 2013). This is also substantiated in the present study where the expression of LPL-like 
was up-regulated in a consistent manner by feed restriction in the skeletal muscle, making 
this LPL isoform a candidate gene in selective breeding programmes for lean muscle fish 
phenotypes. The mechanisms underlying the fine regulation of LPL-like are far from being 
established, although it is noteworthy that changes in LPL-like and LMF1 transcript levels 
are highly correlated in the skeletal muscle of sea bream. Since LMF1 is an endoplasmic 
reticulum chaperone with a critical role in mammals with regard to the  post-translational 
activation of LPL, HL and endothelial lipase (Ben-Zeev et al., 2011; Doolittle et al., 2010), a 
functional association between LPL-like and LMF1 is also suspected in fish. 

Lipolysis and β-oxidation 

The mobilisation of metabolic fuels from fat depots is also a complex process where ATGL 
and HSL act sequentially for the proper hydrolysis of tri- and diglycerides, respectively 
(Zimmermann et al., 2009). Together with the last step performed by monoglyceride lipases, 
this set of enzymes constitute the basic “lipolytic machinery” with high expression reported in 
adipose tissue of mammals (Jenkins et al., 2004; Kershaw et al., 2006; Lass et al., 2011) 
and fish, as has been evidenced in the  present study. To our knowledge, this is the first 
report in fish analysing the gene expression profile of an almost complete set of acylglycerol 
lipases. Of note, the expression of ATGL seems to be particularly regulated at the 
transcriptional level, and its expression was significantly up-regulated in the liver of fasted 
fish following the increased gene expression of oxidative enzymes involved in fatty acid β-
oxidation (HADH, CPT1A). In skeletal muscle, the expression of HADH and mitochondria FA 
transporters (CPT1A and CPT1B) were also up-regulated by fasting, but in this non-lipogenic 
tissue the expression of ATGL is low in either fed or fasted fish and this enzyme was not 
nutritionally regulated. ATGL expression is also up-regulated by fasting in several 
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experimental models of mammals (Bertile and Raclot, 2011; Kershaw et al., 2006), and a 
down-regulation has been recently reported in another fish species (large yellow croaker) 
with the use of enriched-lipid diets (Wang et al., 2013). It must be taken into account that 
ATGL shares a high sequence homology with adiponutrin, a nutritionally regulated obesity-
protein, which is dramatically down-regulated during fasting and restored by re-feeding, both 
in mice and rats (Bertile and Raclot, 2011; Kershaw et al., 2006). Therefore, further studies 
are needed to determine if these two close-related lipolytic enzymes with an opposite 
regulation are conserved in the fish lineage. 

Other enzymes with a theoretical TAG lipase activity are LIPA, LIPH and cd-PL. 
Interestingly, LIPA is involved in the intracellular hydrolysis of cholesteryl esters and TAGs 
which have been internalised via receptor-mediated endocytosis of lipoprotein particles 
(Anderson and Sando, 1991). In the present study, a relatively high expression of LIPA was 
found in all of the analysed tissues, with its reduced expression becoming noticeable with 
the loss of adipose tissue mass in fasted fish. Likewise, the expression of cd-PL, closely 
related to pancreatic lipases (Oku et al., 2006), was mostly restricted to liver and adipose 
tissue, with reduced expression in the liver of fasted fish. Conversely, LIPH was expressed 
at a relatively low level in all of the analysed tissues, which is probably indicative that this 
enzyme does not play a vital role and simply supports the action of other lipases, as 
previously suggested in laying hens (Sato et al., 2010).  

CEL, also known as bile salt-activated lipase, is another lipolytic enzyme with a role not only 
in the digestion and absorption of lipids, but also in the metabolism of lipoproteins (Hui and 
Howles, 2002). In that sense, a clearly down-regulated response was found herein in 
response to fasting in liver and adipose tissue. However, the noteworthy expression of CEL 
in these two tissues is surprising, because this enzyme is primarily synthesised in the 
pancreas and lactating mammary gland in mammals. Indeed, low expression levels of CEL 
have been found in the adipose tissue of mouse (Holmes and Cox, 2011) and laying hens 
(Sato et al., 2010). Nevertheless, the ancestor of CEL appeared early in vertebrate evolution 
(Holmes and Cox, 2011), and this enzyme might have acquired new functions in the fish 
lineage that were not necessarily represented in tetrapods, although their precise 
physiological significance remains unclear.  

Transcriptional regulation 

PPARs and LXRs belong to the nuclear receptor superfamily and play a key role in lipid 
metabolism, acting as specific sensors of fatty acids and cholesterol.  In that sense, both in 
this and previous studies in sea bream (Cruz-García et al., 2009b; Diez et al., 2007; Leaver 
et al., 2005) and salmonids (Jordal et al., 2007; Kennedy et al., 2006), PPARγ has been 
shown to be the most highly expressed PPAR isoform in adipogenic tissues with a 
pronounced down-regulation by fasting in liver and adipose tissue. This response was 
concurrent with the down-regulated expression of LXRα in liver, although it is noteworthy 
that target genes for lipolytic cytokines, and tumour necrosis factor α in particular, are 
different in fish with lean and fat phenotypes (Cruz-García et al., 2009a). In that sense, it is 
important to note that the expression of the lipolytic PPARα is increased in fish by fasting 
and tissue oxidative capacity (Leaver et al., 2005; 2008), which is viewed as part of the 
complex trade-off between lipolytic and lipogenic signals. However, in the present study, the 
fasting-mediated effects on PPARα expression were mostly reduced to a non-statistically 
significant increase at the liver level, which suggests that other factors are the upstream 
regulators of the increased oxidative capacity of skeletal muscle arising from a consistent 
up-regulation of mitochondrial fatty acid transporters (CPT1A, CPT1B) and enzymes of β-
oxidation (HADH). 
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Main conclusions 

The present study analyses how 40 genes selected as markers of lipid and lipoprotein 
metabolism are regulated in concert in fish challenged by fasting. The results clearly show a 
tissue-specific regulation according to the different metabolic capabilities of each tissue and 
vital functions for life, which makes the brain highly refractory at the transcriptional level to 
changes in nutrient and energy availability. In contrast, the liver is clearly the most reactive 
tissue, with changes in gene expression affecting not only ELOVL4-6 and ∆6-∆9 
desaturases, but also to a high extent to the “lipolytic machinery”, including ATGL, HADH 
and CPT1A enzymes. The two isoforms of LPL have also been confirmed as key enzymes 
of lipid metabolism in fish, with a differential and tissue-specific gene expression pattern in 
adipogenic and muscle tissues. This kind of differential tissue regulation has also been 
reported for most of the genes included in the array, which is of interest when defining the 
set of the most informative lipid markers for a given tissue and experimental condition. 
Secondly, this knowledge will contribute to define in future studies how the different tissue-
specific gene expression patterns are segregated with the selection pressure for fast growth 
and alternative diets on intensive fish farming. 

Most of these data have been already published in Gene (Benedito-Palos et al., 2014; 547, 
34-42. 
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3.4.3 Predictive modelling of fillet fatty acid composition in farmed marine fish 

Background 

Fish and fishery products represent a very valuable source of selenium, iodine, taurine, vitamins D 
and B12 and highly nutritive proteins, but also of n-3 LC-PUFA. Marine fish are in fact the most 
important source of EPA and DHA in the human diet, and most production systems, even those of 
salmonids and freshwater fish, are facing increasing pressures to include relatively high levels of FO 
in their finishing diets to meet the daily human requirements in EPA and DHA (500 mg/day). However, 
both FM and FO are finite natural resources, and the inclusion level of such marine feedstuffs in fish 
diets has been steadily declining over the course of the last 10 years (Hardy 2010; Tacon et al., 2010; 
Shepherd & Jackson, 2013). Terrestrial plant ingredients are the most obvious alternative, but VO are 
devoid of n-3 LC-PUFAs, and fish fed these oils have a fillet reduction in EPA and DHA content 
(Turchini et al., 2009; Nasopoulou & Zabetakis, 2012). Therefore, it is of relevance to guarantee a 
relatively high content of n-3 LC-PUFAs in fish meat to ensure the human healthful benefits of 
consuming farmed fish as a whole (Lund 2013). This is the rationale for the predictive modelling of 
fillet FA composition, and interestingly the robustness of multi-linear regressions with dietary FA 
composition and fillet lipid content as independent variables was proven highly informative in sea 
bream (Ballester-Lozano et al., 2011; Benedito-Palos et al., 2011), and more efforts within ARRAINA 
and National projects (AQUAFAT) have been conducted to develop and validate a generic predictive 
model for some of the most important marine farmed fish in the EU. This is the basis on a dummy 
regression approach, which assumes that the contribution of each fish species to the total variance is 
best estimated by pooling all the data from the different species subgroups (Kutner et al., 2004). What 
is more, the absence of a statistically significant interaction between fish species and diet composition 
spares the necessity of the use of a vast array of diets for all the species included in the model. 
However, most result outputs are species-specific, and each new species in the model should be 
introduced as a dummy regression variable and the resulting FA descriptors validated thereafter with 
additional data. This interactive procedure is carried out for sea bream and sea bass, but also for 
turbot and sole as model of flat fish species. 

 

Dummy regression equations  

Our own data on fish FA composition together with the new generated data were compiled for dummy 
regression analysis, using sea bream as the reference subgroup, and sea bass, turbot and sole as 
dummy regression variables fitted to multiple regression equations:  

Y´i = β0 + β1Xi1 + β2X-1i2 + [β3Xi3 + β4Xi4 + β5Xi5] + [β6Xi1Xi3 + β7Xi1Xi4 + β8Xi1Xi5] + [β9X-
1i2Xi3 + β10X-1i2Xi4 + β11X-1i2Xi5]                       

Where Y´i = forecasted fillet FA in mg/g lipid 
 β0 = Y axis intercept; β1...8 = regression coefficients 
Xi1 = dietary FA composition (mg g lipid-1) 
X-1i2 = inverse of fillet lipid content (% wet matter) 
Xi3 = 1 if turbot, 0 otherwise  
Xi4 = 1 if sole, 0 otherwise 
Xi5 = 1 sea bass, 0 otherwise 
Xi1Xi3 = interaction effect between Xi1 and Xi3 
Xi1Xi4 = interaction effect between Xi1 and Xi4 
Xi1Xi5 = interaction effect between Xi1 and Xi5 
X-1i2Xi3 = interaction effect between X-1i2 and Xi3 
X-1i2Xi4 = interaction effect between X-1i2 and Xi4 
X-1i2Xi5 = interaction effect between X-1i2 and Xi5.  
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The β3Xi3, β4Xi4 and β5Xi5 terms are written inside brackets for stressing that they correspond to 
dummy variables. Brackets were also used for the interaction terms of dummy variables and 
independent variables ([β6Xi1Xi3 + β7Xi1Xi4 + β8Xi1Xi5], [β9X-1i2Xi3 + β10X-1i2Xi4 + β11X-1i2Xi5]) 
that were analysed as blocks with a given statistical significance for each.  

For the up-scaling validation of FA descriptors, fish from asynchronous production cycles in laboratory 
conditions and/or Atlantic/Mediterranean fish farms were used. Fish were harvested at commercial 
size, and deviations from the model were analysed using a statistical t-test to determine if predicted 
FA values (results from the regression equations) were statistically distinguishable from observed 
values at the significance level of 5%.  

The D coefficient of distance (McIntire et al., 1969) was used to evaluate the paired fish species 
differences in FA descriptors (reference fish vs species subgroup): 

D(h − j) = [ni=1 (Pih - Pij)2]1/2 

Where D(h − j) is the distance between species h and j, and Pih and Pij are the output predictions of 
FAi in species h and j, for each i FA. For the calculus of the predicted fillet FA composition, the same 
diet FA composition was considered for all the fish species. The theoretical fillet lipid content was 
fixed at 9%, 7%, 8% and 11% for sea bass, turbot, sole and sea bream, respectively. 

 

Main results  

Regarding sea bass FA descriptors, most of the observed variance in fillet FA composition was 
explained by dummy regression equations with highly significant (P<0.0001) coefficients of 
correlation, varying between 0.75 for 18:1n7 and 0.99 for 18:3n-3. It is noteworthy that the β1 partial 
regression coefficients were statistically significant for all the FA descriptors (P<0.001), which 
indicates that the independent variable dietary FA composition highly contributes to the total variance 
of endogenous and non-endogenously synthesised FAs. However, this close association is 
theoretically better for non-endogenously synthesised FAs, as previously reported in salmonids 
(Sanden et al., 2011; Turchini et al., 2011) and lean fish (Karalazos et al., 2007; Jobling et al., 2008). 
In any case, the contribution of the second independent variable “fillet lipid content” to the total 
variance is generally lower, which is supported by the observation that β2 partial regression 
coefficients were not statistically significant for 20:1n-9, 18:2n-6 and EPA.  

The specific contribution of partial regression coefficients (β3-5) to the total variance is indicative of 
the distance between the reference species subgroup and each particular dummy variable of the 
model. This is an indirect measure of the calculated coefficient of distance D between sea bream 
(reference species subgroup) and dummy variables, which was 51 for sea bass and 96–106 for turbot 
and sole (Fig. 1). Certainly, sea bream and sea bass are carnivorous fish of the order Perciformes 
that compete for a similar biological niche in temperate areas. In contrast, turbot and sole are flat fish 
with different ecological environments and lipid metabolic capabilities (Zheng et al. 2009; Morais, et 
al., 2012), but even in the case of sea bass the specific coefficients (β5) were statistically significant 
for almost all FAs with the exception of 20:1n-9 and EPA.  

Focussing on the significance of blocks, the lack of statistically significant interactions between diet 
and marine fish species subgroups was further corroborated, and the corresponding block of 
interactions (β6-8) was not included in the regression equation of any FA descriptor. From a practical 
point of view, diet effects can be, thereby, interpolated from a relatively low number of diets when a 
holistic approach for FM and FO replacement in fish feeds has been considered for the reference 
species subgroup. In contrast, statistically significant interactions between fillet lipid content and fish 
species subgroups are found for saturated FAs (14:0, 16:0, 18:0) and monoenes (18:1n-9, 16:1n-7, 
18:1n-7, 20:1n-9). Therefore, the contribution of the variable fillet lipid content is highly dependent on 
fish species, probably reflecting the fish species differences in tissue FA uptake and lipogenic enzyme 
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activities, including among others the stearoyl-CoA desaturase, evolved in teleosts as two different 
isoforms (Castro et al., 2011) highly nutritionally regulated at the transcriptional level in the skeletal 
muscle of sea bream (Benedito-Palos et al., 2013).  

In addition to the above findings, statistically significant interactions on fillet lipid content and dummy 
variables (β9-11) where found for saturated FAs and monoenes, but not for C18, C20 and C22 
PUFAs, which is in accordance with the general statement that marine fish have a limited capability 
for LC-PUFA biosynthesis due to deficiencies in the PUFA desaturation/elongation pathway 
(Mourente et al., 2005; Zheng et al., 2009).  
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Figure 1. Predicted output deviations at marketable fish size on fillet FA composition [100 (FAih-FAij) 
FAij-1, FAi in fish species subgroup (h) and reference species (j) for each FA. The calculations are 
made using dummy regression equations with the same dietary FA composition and fillet lipid 
contents (9% European sea bass; 8% turbot; 7% sole; 11% gilthead seabream) as independent 
variables. 
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Concluding remarks 

Given the fish species differences in lipid metabolism, the predictive modelling of fillet FA composition 
becomes especially feasible for marine farmed fish. For all species in the model the up-scaling of 
predictive values to farming conditions allowed a close linear association near to equality for the 
regression plot of the observed (X-axis) vs. predicted values (Y-axis) (Fig. 2). This regression feature 
was achieved for 12 representative FAs, including saturated FAs (14:0, 16:0, 18:0), monoenes 
(16:1n-7, 18:1n-7, 18:1n-9, 20:1n-9), C18 PUFAs (18:2n-6) and n-3 LC-PUFAs (22:5n-3, EPA, DHA).  

Therefore, dummy regression is confirmed as a powerful multispecies tool for predictive modelling the 
nutritionally tailored fillet FA composition of marine fish. This skill is supported by the absence of 
statistically significant interactions between dietary FA composition and fish species subgroups, which 
reinforces the possibility to produce more tailored and healthy seafood products according to the 
guidelines of essential FA requirements in humans.  

For practical use of a wide range of stakeholders, including fish farmers, fish producers and 
consumers, FA algorithms for all the species included in the model are hosted at www.nutrigroup-
iats.org/aquafat as a free on-line tool to interrogate fillet FA composition in four marine species (sea 
bream, sea bass, turbot and sole) of a high added value for the European and Spanish aquaculture in 
particular.  

This type of information is useful for the implementation of selection programmes non-merely based 
on growth biometrics modelling. Indeed, genotype and diet interactions were found for body weight 
and lipid content in sea bass fed PP diets (Le Boucher et al., 2011), although we are still far from  
holistic approaches considering how interact feed composition, and individual differences in muscle 
adiposity and feeding behaviour on fish productive traits (Sih et al., 2011). 

 
Most of these data are part of the work conducted in two different articles (Aquaculture Nutrition, 
Aquaculture Research) already accepted to be published. 

 

Figure 2. Representative plot regression of predicted and observed fillet FA values in the up-scaling 
validation procedure for European sea bass.  
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3.5. COMMON CARP 
 

3.5.1. Feeding common carp on diets containing high fat levels with varying 
LA/LNA ratios. Rates of FA oxidation and LC-PUFA biosynthesis 
 

Background 

 

Fish require long chain polyunsaturated fatty acids (LC-PUFA) for normal cell functions and for 
growth, development and reproduction. The main LC-PUFAs are arachidonic acid (20:4n-6), 
eicosapentaenoic acid (20:5n-3), and docosahexaenoic acid (22:6n-3) (Sargent et al., 1999). 
Although many freshwater fish are capable of producing DHA and EPA from dietary linolenic acid 
(LNA, 18:3n-3) and arachidonic acid from linoleic acid (LA, 18:2n-6), the exact requirement for these 
is not well defined for most of the fish species. Further difficulties arise from the competitive 
interactions existing between LNA and LA in the conversions of the C18 PUFA to their end-product 
C20 and C22 PUFA.  

The competition among unsaturated fatty acids with different number of double bonds in the delta-6 
desaturation process is studied in higher vertebrates (Brenner and Peluffo 1966; James, 1977; 
Castuma et al., 1977) and fish (Bandyopadhyay et al., 1982; Tocher and Dick, 1999). In the case of 
common carp, high desaturation and elongation activities were observed in carp epithelioma 
papillosum cyprini (EPC) cell lines. The cell lines desaturated [1-14C]18:3n-3 and [1-14C]20:5n-3 to a 
greater extent than the corresponding (n-6) substrates (Tocher and Dick, 1999). These authors had 
also demonstrated decrease in the desaturation and elongation of labelled linolenic acids when 
unlabeled C18(n-6) fatty acids (18:2n-6 and 18:3n-6) were added to EPC cell culture medium (Tocher 
and Dick, 2000).  

Besides the competition in desaturation and elongation, it seems to be important the competitions of 
fatty acids for the oxidation in fish (Murata and Highashi, 1979, 1980; Henderson. 1996; Nanton et al., 
2003; Mourente et al., 2005) and also in human (Burdge, 2006). This competition contributes to the 
conversion of n-3 (ω-3) and n-6 (ω-6) precursor fatty acids, LA and LNA into LC-PUFAs modifying the 
final LC-PUFA composition of the fish. 

Within the ARRAINA project (WP1, Task 2: “Functional validation of biomarkers), we intended to carry 
out a short-term challenge test experiment of feeding common carp on diets with varying ratios of 
linoleic to linolenic acid (LA/LNA). After the feeding test, the fish were either tube-fed with 14C-labelled 
linoleic acid or administered the 14C-labelled linoleic and linolenic acid by intraperitoneal injections for 
determination of in vivo rate of oxidation by measuring the expired 14CO2. Determination of formation 
of LC-PUFA via desaturation/elongation was carried out by using preparative thin-layer 
chromatography (TLC), solid-phase extraction (using SPE cartridges packed with aminopropyl 
bonded phases) and subsequent preparative radio-chromatography of fatty acid methyl esters.  

 

Experimental setup 

 

Feeding trial 

Experimental fish were raised in small plastic basins in a flow-through system supplied with aerated 
filtered water of 25ºC temperature for 7 weeks. The fish were  fed on 3 diets supplemented with 
blends of soybean oil and linseed oil containing linoleic to linolenic acid 3:1, 1:1 and 1:3. The oil 
blends were added to the extruded feed crumbles by vacuum infusion techniques. For vacuum 
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inclusion of oils we have adapted the method to a configuration of rotary evaporator (Rotavapor 215; 
BÜCHI, Basel, Switzerland) (Fig. 1). 

After 7-week feeing period growth and nutrient utilization were evaluated and fish and feed samples 
were collected for proximate and fatty acid composition studies.  

Dry matter content was determined by oven drying at 105°C for 4 hours. The oven dried samples 
were combusted on ceramic hot plate, then the crucibles were placed into muffle furnace for crude 
ash determination for 550°C for 4 hours. 

 

 

Figure 1. Preparation of diets using rotary evaporator (Rotavapor 215; BÜCHI, Basel, Switzerland) for 
vacuum infusion of oil blends into extruded feed particles. 

 
 

Crude protein was determined by the Kjeldahl-method using digestion block (KJELDATHERM, 
Gerhardt, Germany) and distillation method (VAPODEST 30, Gerhardt, Germany). Ammonia was  
titrated through the titration of the residual sulphuric acid (0.05 M) by NaOH (0.1 M). Composition of 
carp diets with varying added LA/LNA ratios is shown in Table 1. 

Fatty acid composition of fish and feed samples were analyzed by capillary gas chromatography as 
described by Csengeri et al. (2011). The lipids were extracted from the samples with chloroform: 
methanol 2:1 mixture and the extract were purified according to the method by Folch and his 
coworkers (Folch et al., 1957). Aliquots of total lipid samples were trans-esterified using methanolic 
solution of HCl (Stoffel et al., 1959). Fatty acid methyl esters (FAME) were separated on fused silica 
capillary columns (DB-225) capillary columns in an AGILENT (HP) gas chromatograph system (type 
“6890N") equipped with Flame Ionisation Detector (FID) and mass spectrometer (MS) detector (MSD, 
type “5973N"). FAMEs were identified by using authentic primary (SUPELCO, Bellefonte, NJ) or 
secondary standards (e.g. linseed oil, cod liver oil, etc.) and by means of the relationship between the 
logarithms of relative retention times and the carbon number (Cn) of fatty acids. Fatty acid 
concentrations are expressed as weight percentage of FA or mg FA/g sample, assessed by using the 
relative response factor (RRF) and molar concentration of FAME (Ackman and Sipos, 1964a; 1964b).  
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The feeds were formulated as iso-nitrogenouos and iso-caloric diets differing basically in LA and LNA 
contents. However, due to the soybean meal content of the basal diet, the final ratios of LA to LNA in 
the diets were different from the ratios of these fatty acids in the added oil (Table 1). The protein and 
fatty acid contents of the feeds were equal, around 44.7% and 7.5%, respectively on as feed basis. 
The Total n-3 to total n-6 ratios were 0.58, 1.01 and 2.16 as the basal diet contained some fish oil as 
revealed by the EPA and DHA contents (Table 1). 

 

Table 1. Composition of carp diets with varying added LA/LNA ratios. 

 
LA/LNA ratios in the oil added to feed 3:1 1:1 1:3 

Fatty acids . w% mg/g w%  mg/g w% mg/g 

 16:0 14.57 11.28 13.75 9.81 13.05 9.85 

 18:0 4.85 3.75 5.32 3.79 4.97 3.75 

 18:1ω9 19.17 14.84 18.00 12.83 16.76 12.66 

 18:2ω6 (LA) 30.15 23.34 22.56 16.09 14.53 10.97 

 18:3ω3 (LNA) 8.01 6.20 15.84 11.29 26.10 19.71 

 20:4ω6 0.83 0.64 0.66 0.47 0.67 0.51 

 20:5ω3 (EPA) 2.24 1.73 1.70 1.21 1.70 1.28 

 22:6ω3 (DHA) 7.38 5.71 6.08 4.34 6.03 4.55 

Total SFA 22.54 17.44 26.15 18.64 25.26 19.01 

Total MUFA 24.25 18.74 23.24 16.57 21.80 16.46 

Total n-6 31.90 24.70 24.02 17.13 15.91 12.01 

Total n-3 18.36 14.20 24.18 17.24 34.35 25.95 

Total PUFA 50.26 38.90 48.21 34.38 50.26 37.96 

LA/LNA ratios measured 3.7:1 1.4:1 0.56:1 

Total n-3/Total n-6 0.58 1.01 2.16 

Total FA (g/kg)  77.39  71.31  75.43 

Protein (g/100g)  44.79  44.47  44.75 

 
 
 
Rates of FA oxidation 

Isotope labelled fatty acids were administrated to the fish fed diets containing varying ratios of LA to 
LNA. In the first two in vivo experiments, labelled fatty acids were administered to the fish by tube-
feeding of gelatinous feed mixture. The soft gel-like mixture was prepared by mixing finely (ball mill) 
powdered feed plus alpha cellulose dispersed in 0.3 % melted gelatine gel with ethanolic solution of 
the labelled LA (1-14C-18:2n-6) in a ratio of 2:1. The mixture was applied through end-hole catheters 
(Type: Ch4, 1.3 mm OD, Suction Tube (YAOTONG S.L., Spain)) adapted to TUBERCULIN syringe 
through 18G needle. The syringe barrel and needle and catheters were filled up with fish oil before 
taking up the coloured soft-gel to avoid air bubbles and to ensure good hydraulic pressure in the 
catheters.  

In the third and fourth experiments clove oil sedated fish were injected with given amounts of labelled 
LA (1-14C-18:2n-6 of 2.035 GBq/mmol (55 mCi/mmol)) or LNA (1-14C-18:3n-3 of 2.035 GBq/mmol (55 
mCi/mmol)) dispersed in 0.7 % NaCl solution containing 5% bovine serum albumin (SIGMA). The 
labelled fatty acids were obtained form American Radiolabeled Chemicals, Inc. (ARC; formerly 
AMERSHAM).   

The force-fed and injected fish were transferred into the water (0.3% sea-salt solution - 1/10 
seawater) of special incubators slowly aerated with pure oxygen. The incubator was made from 
Hermes glass jars with clamp-top lids. The glass lids of the jars were replaced with plastic ones with 
specially drilled gland bush (Fig. 2). Expired carbon dioxide was bubbled through scintillation vials 
containing 5 parts of Hyamine™ Hydroxide 10-X (PerkinElmer, Waltham, MA. USA) plus 1 part 
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methanol (Hyamine hydroxide concentration around 0.8 M). The method was adapted from Bell 
(1998) with minor modification. The constant flow rates of oxygen in the incubation period and that of 
the high purity helium in the follow-up purge process was ensured with ancillary capillary pressure 
reducing (throttling) device. The devices were connected to the reducers of the gas bombs and their 
reducing value was equivalent to around 1 bar pressure drop.  

 

 
 

Figure 2. Incubator system (modified Hermes glass) for collection of expired labeled CO2 (in state of 
resting/basal metabolism). 

 
The trapped CO2 were mixed to 15 mL Optiphase HiSafe 3 (PerkinElmer) liquid scintillation cocktail. 
The activities expired CO2 were measured in the incubation water before trapping and in the Hyamine 
hydroxide trap for assessment purge efficiencies. Measurements of the radioactivities were carried 
out in a Wallac Guardian 1414 & WinSpectral liquid scintillation counter system. For calculation of the 
incorporated activities quench correction calibration method was used. Calibration curves were set up 
by adding CCl4 or CHCl3 portions to the cocktails containing given amounts of radio-labeled Na2CO3.  

 

Distribution of incorporated activity from1-14C-18:2n6 among the lipid classes 

The aim of the further analytical studies using solid phase extraction on SPE-NH2 cartridges was to 
determine the distribution of radio-labelled 14C-C18:2n-6 and 14C-C18:3n-3 administrated to 
experimental fish among the lipid classes. The separation of the lipid groups were carried out on 
amino-propyl solid phase cartridges (SPE-NH2) accompanied with TLC purity check-up. From the 
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original method by Kaluzny et al. (1985), only the first 3 separation steps (collecting the elutes 
obtained with elution by solvent A, solvent B and solvent C) were applied. Thus all of the glycerides + 
cholesterol compounds were eluted as one fraction with colvent A: Frac.A or frac. I: composed mainly 
triacylglycerol, TG (or TAG), only minor amount of labels were expected in the intermediate mono- 
and diacylglycerols, as well as in cholesterol (C) and cholesterol esters (Ce). With solvent B: Fraction 
II: free fatty acids (FA); and with solvent C: Fraction III: polar phospholipids (PL) were eluted and 
collected.  (abbreviations as used by Kaluzny et al., 1985). 

In some sets of samples, TLC separation of all neutral lipids and free fatty acid fraction from the 
phospholipids was made by using the method of Salle and Adams (1970). Figure 3 presents an 
example of TLC separation visualized by exposure to iodine vapour. MERCK Silicagel GF TLC plates 
– after scribing lanes activated at 120°C for 1 hour – were used. One step development was made by 
using hexane:ethyl ether:acetic acid, 85:15:1 as developing solvent.  

 

    
 

Figure 3. Separation of Fraction Ia,b (neutral lipids), Fraction IIa,b (free fatty acids) and Fraction IIIa,b 
(PL) on TLC plate. 

 

The lipids were extracted from the samples with chloroform:methanol 2:1 mixture and the extract were 
purified according to the method by Folch et al. (1957). Aliquots of chloroformic total lipid samples 
measured for lipid contents after evaporation of the solvent under N2-stream. Lipid samples were then 
dissolved in 400 – 450 microL chloroform:2-propanol (2:1) and applied to the SPE column under 
vacuum. The columns were regenerated for next use with cleaning by washing the C, B, A elution 
solvents and hexane (reverse order). The columns were kept under hexane till next use. 

The SPE-NH2 separations were carried out on 500 mg/3 mL Supelclean SPE-NH2 cartridges and the 
vacuum elution apparatus with adaptors, and sample collector racks were obtained from SIGMA, 
Budapest. The cartridges were activated 2x2 mL hexane. The applied solvent system was composed 
as follows: 

Solvent A 4.0 + 0.50 mL chloroform:2-propanol (2:1) 

Solvent B 4.0 + 0.50 mL  diethylether:acetic acid (98:2) 

Solvent C 5.0 +1.0 mL methanol (all) 



ARRAIN
A P

roj
ec

t 2
01

6

 

 

 
 

137 
This project has received funding from the European Union’s Seventh Programme for research, technological 

development and demonstration under grant agreement No 618105 

 

 

 

The collected lipid fractions were taken to dryness (oil-wet) under N2, then transferred with 3x150 
microliter CHCl3 to 15 mL UltimaGold F (PerkinElmer) liquid scintillation cocktail. The activities were 
measured in Wallac Guardian 1414 & WinSpectral liquid scintillation counter system. For calculation 
of the incorporated activities quench correction calibration method was used. Calibration curves were 
set up by adding CHCl3-portions to the cocktails containing given amounts of diluted radio-labelled 
LNA (α-LNA 9,12,15 [1-14C] - ARC 0379-250 – specific activity of 2.035 GBq/mmole/ 55mCi/mmole). 

The incorporation and conversion of radioactivity were determined by liquid scintillation counting 
(LSC) in a Wallac Guardian 1414 & WinSpectral liquid scintillation counter system. Recovery of each 
lipid groups were calculated by counts recovered in each fraction as percentage of all counts (total 
activity) applied to the SPE-NH2 column or TLC plates.  

In mammals, tri-acyl-glycerols are formed by the sequential esterification of two fatty acids to glycerol-
3-phosphate to form lyso-phosphatidic acid (lyso-PtA) and phosphatidic acid (PtA) catalysed by 
glycerophosphate acyltransferase, followed by cleavage of the phosphate group (via phosphatidate 
phosphatase) to form diacylglycerol and the esterification of a further fatty acid (via diacylglycerol 
acyltransferase) to form triacylglycerol. The pathways of de novo triacylglycerol biosynthesis have not 
been extensively studied in fish, but the little evidence available suggests that the pathways are 
generally the same in fish as in mammals. Similarly, the biosynthesis of phospholipids have not been 
extensively studied or elucidated in fish. However, the existing evidence strongly suggests that 
pathways are essentially the same in fish as in higher terrestrial mammals (Tocher, 2003). Based on 
this background knowledge, aliquots of lipid extracts obtained from Experiment I, II and IV were  
separated on SPE-NH2 cartridges.  

 

Data for LC-PUFA biosynthesis 

The LC-PUFA biosynthesis from the precursor labelled LA and LNA were studied with radio-gas 
chromatographic separation of the fatty acid methyl esters obtained from the lipid extracts of the 
incubated fish in the four experiments. 

The lipids were extracted as above from the samples with chloroform:methanol 2:1 mixture and the 
extract were purified according to the method by Folch et al. (1957). Aliquots of total lipid samples 
were trans-esterified using methanolic solution of HCl (Stoffel et al., 1959). Fatty acid methyl esters 
(FAME) were separated on preparative (I.D. 9 mm; length 4 m)  columns filled with supelco SP 
2330/2340 mix (analogous to SP2380) in a PYE UNICAM GCV gas chromatograph equipped with 
Flame Ionisation Detector (FID) and connected to ERBA WIN 386 system. The collection of isotope 
labelled FAME fractions were made with programmed temperature runnings: 183 ºC hold 3 min ramp 
0.6 ºC/min hold 33 min. FAME were identified by using secondary standards (e.g. linseed oil, cod liver 
oil, etc.) and by means of the relationship between the logarithms of relative retention times and the 
carbon number (Cn) of fatty acids from isotherm runnings at 186ºC. For programmed temperature 
runnings the tentative identification was made by identification of the key fatty acid by standards of 
known quantitative composition and by the retention volumes. 

For trapping of labelled fatty acid fraction, cotton wool cartridges were used after the similar 
modification of the PYE Manual Preparative Kit with suitable syringe needle as described by Owen et 
al. (1975). Some of the samples were run with FAMEs of total lipid extracts. From total lipid extracts 
from fishes in Exp. IV of phospholipids (PL) were separated by solid-phase extraction using SPE 
cartridges packed with aminopropyl bonded phases according to the method by Kaluzny et al. (1985). 
For determination of the incorporated activity into individual fatty acids and fatty acid groups, lauric 
acid internal standard (C12:0 FAME) was added to the SPE-NH2 cartridge separated phospholipid 
fractions before methylation.      
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The trapped fatty acid fractions were transferred with 3x150 microliter CHCl3 to 15 mL UltimaGold F 
(PerkinElmer) liquid scintillation cocktail. The activities are measured in Wallac Guardian 1414 & 
WinSpectral liquid scintillation counter system. For calculation of the incorporated activities quench 
correction calibration method was used. Quench calibration curves were set up by adding CHCl3-
portions to the cocktails containing given amounts of diluted radio-labeled LNA (α-LNA 9,12,15 [1-14C] 
- ARC 0379-250 – specific activity of 2.035 GBq/mmole/ 55mCi/mmole). 

 

Main results 

 

Feeding trial 

The experimental fish grow steadily, the specific growth rates were over 4%/day. The feed conversion 
efficiency measures have shown high efficiency of the diets; the feed conversion rates (feed/gain, 
FCR) were around 0.95 g/g; protein efficiency ratio (gain/protein fed, PER) was little bit over 2 g/g with 
around 28% productive protein value (100 x protein gained/protein fed, PPV%) (Table 2). 

The growth biomarkers, summarized in Table 3, have not shown specific differences in relation to the 
dietary differences in this challenge test. Fat retention was not determined by ether extraction. 
However, the total fatty acid contents of the fish carcasses roughly duplicated to the end of the 7-
week feeding period. The LA deposition showed 4-fold increase, while LNA showed roughly 15-fold 
increase as compared to starting contents in the carcass samples at the highest dietary levels (Table 
4). 

The fatty acid contents (mg/g) of fish carcasses (Table 4) have shown some increase for the palmitic 
acid (16:0). The contents of LA (18:2ω6) and LNA (18:3ω3) were different with higher increase in 
linoleic acid contents than that of linolenic acid values.  

The contents of long chain PUFAs have shown slight increases in contents for arachidonic (20:4ω6) 
and eicosapentaenoic (EPA, 20:5ω3) acids. The changes of EPA and docosahexaenoic acid (DHA, 
22:6ω3) contents suggest fairly some conversion of LNA to EPA and to DHA (Table 4). 

 

 

Table 2. Growth and feed conversion of fish fed on oil blend supplemented feeds. 

LA/LNA ratios in the oil 

added to feed  
3:1 1:1  1:3 

Parameter Avg STD Avg STD Avg STD 

W0 (g) 0.99 ±0.13 0.98 ±0.02 0.98 ±0.03 

wt  (g) 7.69 ±0.27 7.23 ±0.22 7.23 ±0.02 

SGR (%/day) 4.74 ±0.03 4.46 ±0.15 4.54 ±0.02 

FCR (feed/gain) 0.95 ±0.02 0.96 ±0.00 0.96 ±0.05 

       

Gain (g/ind) 6.70 ±0.14 6.26 ±0.24 6.62 ±0.02 

PER(g/g) 2.06 ±0.08 2.03 ±0.03 2.04 ±0.11 

PPV% 28.04 ±1.05 27.51 ±0.43 28.64 ±1.31 
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Table 3. Summary of biomarker responses in the growth trial*. 

 
* Fat retention was not determined by ether extraction. 
 

 

  

Table 4. Fatty acid contents (mg/g) of carcasses of carp fed on diets with varying LA/LNA ratios. 

Added LA/LNA ratios in 

the oil added to feed 

(measured) 

     START 
3:1 

(3.7:1) 

1:1 

(1.4:1) 

1:3 

(0.56:1) 

Fatty acids /conc. mg FA/g ±SD mg FA/g ±SD mg FA/g ±SD mg FA/g ±SD 

 16:0 5.09 ±1.00 7.77 ±3.51 8.24 ±4.19 9.32 ±0.41 

 18:0 1.43 ±0.39 2.57 ±1.05 2.76 ±1.22 2.98 ±0.14 

 18:1ω9 5.06 ±1.01 16.47 ±8.27 16.98 ±8.32 18.90 ±2.49 

 18:2ω6 2.58 ±0.84 9.50 ±4.54 8.08 ±3.78 6.73 ±0.54 

 18:3ω3 0.61 ±0.23 2.56 ±1.32 4.94 ±2.41 9.63 ±0.69 

 20:4ω6 0.51 ±0.09 0.44 ±0.17 0.42 ±0.17 0.47 ±0.01 

 20:5ω3 1.44 ±0.23 0.59 ±0.26 0.63 ±0.30 0.81 ±0.05 

 22:6ω3 3.15 ±0.39 2.91 ±1.35 2.97 ±1.41 3.47 ±0.20 

Total SFA 8.69 ±2.36 11.55 ±5.13 12.13 ±5.95 13.55 ±0.00 

Total MUFA 8.93 ±1.63 21.10 ±10.9 21.48 ±10.5 24.02 ±2.90 

Total n-6 3.47 ±0.99 10.60 ±5.04 9.06 ±4.18 7.68 ±0.47 

Total n-3 5.80 ±0.99 6.48 ±3.12 9.09 ±4.18 14.63 ±0.25 

Total PUFA 9.27 ±1.98 17.07 ±8.16 18.14 ±8.58 22.31 ±0.72 

Total n-3/Total n-6 1.70 ±0.20 0.61 ±0.00 1.00 ±0.03 1.91 ±0.08 

 
 
 

 

In comparison to the starting values, the fatty acid composition data of fingerling carp at the end of 
feeding trial show obvious increase in the concentrations (w%) of oleic acid (18:1ω9) and LA and 
LNA, however, not parallel to their dietary levels. At the same time, the levels of LC-PUFAs (ARA, 
EPA, DHA) decreased without any correspondence to the marked differences in the dietary 
treatments in respect of precursor fatty acid supply (Table 5; only the values for the main fatty acids 
are presented).  

Response Reference Comments

Growth performance Growth (SGR) No Change WP1. 2 ARRAINA LA/LNA ratios

Feed efficiency (wet weight gain/dry feed intake) No Change WP1. 2 ARRAINA LA/LNA ratios

Feed intake No Change WP1. 2 ARRAINA LA/LNA ratios

Somatic Indexes Hepatosomatic index n.d. WP1. 2 ARRAINA LA/LNA ratios

Mesenteric fat index n.d. WP1. 2 ARRAINA LA/LNA ratios

Viscerosomatic index n.d. WP1. 2 ARRAINA LA/LNA ratios

Nutrient Retention Fat retention n.d. WP1. 2 ARRAINA LA/LNA ratios

Nitrogen retention Low WP1. 2 ARRAINA LA/LNA ratios

Carp
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Table 5. Fatty acid contents (mg/g) of carcasses of carp fed on diets with varying LA/LNA ratios 

Added LA/LNA ratios in 

the oil added to feed 

(measured) 

     START 
3:1 

(3.7:1) 

1:1 

(1.4:1) 

1:3 

(0.56:1) 

Fatty acids /conc. mg FA/g ±SD mg FA/g ±SD mg FA/g ±SD mg FA/g ±SD 

 16:0 5.09 ±1.00 7.77 ±3.51 8.24 ±4.19 9.32 ±0.41 

 18:0 1.43 ±0.39 2.57 ±1.05 2.76 ±1.22 2.98 ±0.14 

 18:1ω9 5.06 ±1.01 16.47 ±8.27 16.98 ±8.32 18.90 ±2.49 

 18:2ω6 2.58 ±0.84 9.50 ±4.54 8.08 ±3.78 6.73 ±0.54 

 18:3ω3 0.61 ±0.23 2.56 ±1.32 4.94 ±2.41 9.63 ±0.69 

 20:4ω6 0.51 ±0.09 0.44 ±0.17 0.42 ±0.17 0.47 ±0.01 

 20:5ω3 1.44 ±0.23 0.59 ±0.26 0.63 ±0.30 0.81 ±0.05 

 22:6ω3 3.15 ±0.39 2.91 ±1.35 2.97 ±1.41 3.47 ±0.20 

Total SFA 8.69 ±2.36 11.55 ±5.13 12.13 ±5.95 13.55 ±0.00 

Total MUFA 8.93 ±1.63 21.10 ±10.9 21.48 ±10.5 24.02 ±2.90 

Total n-6 3.47 ±0.99 10.60 ±5.04 9.06 ±4.18 7.68 ±0.47 

Total n-3 5.80 ±0.99 6.48 ±3.12 9.09 ±4.18 14.63 ±0.25 

Total PUFA 9.27 ±1.98 17.07 ±8.16 18.14 ±8.58 22.31 ±0.72 

Total n-3/Total n-6 1.70 ±0.20 0.61 ±0.00 1.00 ±0.03 1.91 ±0.08 

 
 

Rates of FA oxidation 

In the Experiment I a preliminary test was carried out to obtain information on the rate of incorporation 
of radioactivity in relation to the incubation period. For this experiment the fish were selected from the 
groups fed on diet containing LA and LNA in a ratio of 1:3 in the oil supplement.  

The soft gel amounting to 110 to 150 mg and containing labeled LA around 170 kBq activity (Table 6) 
was filled into the gut of fish fasted for 24 hours before the treatment. Then the fish were transferred 
to the incubator set up for oxygen bubbling and trapping of the expired 14CO2. The incubation was 
terminated by anaesthetizing fish. After removal of the fish were stored in deep freezer until the 
extraction of lipids. The oxygen supply was replaced by high purity helium to purge the CO2 from the 
acidified (H3PO4, 20% w/v was injected into the closed incubation jar) incubation medium. The 
trapping efficiency was only around 50% with the unstable flow rate of oxygen and helium, therefore, 
the gas supply was equipped with ancillary capillary pressure reducing (throttling) device. The 
trapping lasted for 24 hours.  

 

Table 6. Summary of administrated 1-14C-18:2n-6 and trapped 14CO2 activities in the time-course 
experiment (Exp. I). 

 Parameter /incubation period (hr) 6 12 24 48 

Experiment I.     

 Weight of fish  (g/ind) 25.31   23.70   22.78   21.74  

 Administrated activity (kBq/fish) 164.5    155.5    187.8   178.2    

dpm/fish 9,871,600 9,331,400     11,270,200    10,693,000 

kBq/g 6.50    6.56    8.25    8.20 
 Expired 

14
CO2 activity  (dpm/fish) 213,213   639,246    743,588   999,201  

 dpm/g 8,424    26,972    32,642    45,961 

 % of administrated 2.16   6.85   6.60   9.34 
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The expiration has shown logarithmic changes in the time (Fig. 4a). The oxidation rate has shown 
saturation like logarithmic curve reaching about 10% of the administrated activity in 48 hours of 
incubation (Fig. 4b).   

 

  a.        b.    
 

Figure 4a,b. Time course of oxidation of labeled 1-14C-18:2n-6 determined as expired labeled CO2. 
 

 

 

The second experiment (Exp. II) was carried out with two-three fish from the groups of the fish fed on 
diets containing varying ratios of LA to LNA. The 24-hr fasted fish were tube fed similarly to the fish in 
Experiment I. The soft gel administrated amounted to 200 to 250 mg and contained labeled LA 
around 270 kBq activity: The expiration and oxidation rate data are summarized in Table 7.  

 

 

Table 7. Summary of administrated 1-14C-18:2n-6 and expired/trapped 14CO2 activities in the tube-
feeding experiment (Exp. II, 1-14C-18:2 tube feeding - 12-hr incubation). 

Diet - added 

LA/LNA 

ratio 

weight of fish 

(g/ind) ± SD 

Administrated 

activity  

(kBq/g) ± SD 

14
CO2 

expired 

(dpm/g fish) ± SD  

Percent of  
14

C  expired 

/administered 

 3:1 41.83 ± 9.10 6.80  ± 1.94  53,478   ± 23,072 12.89 ± 4.04 

 1:1 51.61 ± 8.75 5.27  ± 1.34  41,403   ± 31,375 12.24 ± 6.28 

 1:3 42.53 ±17.05 6.63  ± 2.40  38,485   ± 12,449 10.00 ± 3.53 

 

Radioactivity in the expired CO2 

as  dpm per gram fish 
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Oxidation rates of labelled 14C-labeled LA administered by tube feeding slightly decreased with 
decreasing dietary ratios of LA to LNA (Fig. 5a, 5b), although the tendency is not unambiguous due to 
the high standard deviations of the data.  

 

 

 

 

 

 

 

 

 

 

a.                                                                    b.  
 

Figure 5a,b. Oxidation rate of LA after tube feeding administration of 14C-labelled FA to fish fed on 
diets supplemented with SBO-LSO oil blend. 

 
In the experiment III 24-hr fasted sedated fish were injected with given amounts of labeled LA (1-14C-
18:2n-6) dispersed in isotonic 0.7 % NaCl solution containing 5% bovine serum albumin. The injected 
activity ranged between 800 to 1700 kBq/fish depending on the weight. For unit weight these amounts 
equalled to 18.4 to 19.2 kBq/g. In the Experiment IV 24-hr fasted sedated fish were injected with given 
amounts of labeled LNA (1-14C-18:3n-3) dispersed in isotonic 0.7 % NaCl solution containing 5% 
bovine serum albumin. The injected LNA activity ranged between 900 to 1700 kBq/fish depending on 
the weight; for unit weight: 17.8 to 19.1 kBq/g. The summary of incubation data are summarized in 
Table 8. 

 

Table 8. Summary of expired 14CO2 activities after intraperitoneal administration of labeled LA and 
LNA in experiments III and IV. 

Diet - added 

LA/LNA 
ratio 

Weight of fish 

(g/ind) ± SD 

Administrated 

activity  
(kBq/g) ± SD 

14
CO2 

expired 
(dpm/g fish) ± SD  

Percent of  
14

C  expired 
/administered 

 1-
14

C-18:2n-6 injection  - 16-hr incubation (Exp. III) 

 3:1 48.64 ± 6.22 19.00 ± 0.26 124,919 ± 1,908 10.96 ± 0.32 

 1:1 72.44 ±30.62 18.45 ± 0.33 123,716 ± 19,885 11.20 ± 2.00 

 1:3 51.85 ± 5.47 18.72 ± 0.57 104,865 ± 64,231 9.37 ± 5.97 

 1-
14

C-18:3n-3 injection - 16-hr incubation (Exp. IV) 

 3:1 57.62 ±14.45 18.92 ± 0.29 219,789 ± 18,589 19.38 ±1.94 

 1:1 85.60 ±13.17 17.99 ± 0.23 127,142 ± 88,598 11.84 ±8.36 

 1:3 76.69 ±27.44 17.66 ± 0.37 136,629 ± 25,989 12.87 ±2.18 

 

0

20,000

40,000

60,000

80,000

 3:1  1:1  1:3

d
p

m
/g

LA/LNA ratios of added oil

Oxidation rate  - dpm/g of 
administrated  1-14C-18:2 

(tube feeding)

0

5

10

15

20

 3:1  1:1  1:3O
x
id

iz
e
d

 p
o

rt
io

n
 o

f 
1
4

C
-1

8
:2

 (
%

)

LA/LNA ratios of added oil

Oxidation rate  - % of 
administrated 14C-18:2 

(tube feeding)



ARRAIN
A P

roj
ec

t 2
01

6

 

 

 
 

143 
This project has received funding from the European Union’s Seventh Programme for research, technological 

development and demonstration under grant agreement No 618105 

 

 

At intraperitoneal injection, oxidation rate of 14C-LA has shown slight decrease with decreasing dietary 
ratios of LA to LNA (Fig. 6a,b) showing roughly the same oxidation rates than in the case of fish in the 
Experiment II where the administration of 14C-LA was done with tube-feeding (cf. Table 7). The rates 
of LA oxidation showed similar percentage rates at tube feeding as at i.p. injections (Fig. 5b, Fig. 6b). 
However, the tendency of dietary effects is similarly not unambiguous. 

 

 a.     b.   
 

Figure 6a,b. Oxidation rate of LA after i.p. administration of 14C-labelled FAs to fish fed on diets 
supplemented with SBO-LSO oil blend. 

 

 

At intraperitoneal injection, oxidation rate of 14C-LNA has shown slight decrease with decreasing 
dietary ratios of LA to LNA (Fig. 7a,b) but showing higher – nearly double rate at the lowest dietary 
LNA level (vis. 6.2 mg LNA/g feed; cf. Table 1) – oxidation rates than in the case of 14C-LA injections. 
The decreasing tendency can be explained by the “dilution” of the activity in the quickly oxidizable free 
fatty acid (FFA) pool (Fig. 8). 
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 a.  b.   
 

Figure 7a,b. Oxidation rate of LNA after i.p. administration of 14C-labelled FAs to fish fed on diets 
supplemented with SBO-LSO oil blend. 

 

 

     
Figure 8. Fatty acid pool sizes as micromole per gram fish b.w. of total LA and LNA pools in fish tube 
fed or intraperitoneally injected with 14C-labelled FAs. 
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Both in case of tube-feeding and intaperitoneal/intracoelical injections, the administrated fatty acid 
enter into the FFA pools of the blood plasma and intercellular fluid where they are mixed with the 
endogenous non-esterified fatty acids (NEFA) forming a quickly oxidizable pool. The regulation of the 
level of the FFAs is mainly by hormonal action, but nourishment related metabolic means such as 
fasting, exercise, ration level, nutrient composition etc. also play role (Dole, 1956; Friedberg et al., 
1960). The NEFA level in the state of basal metabolism (the carp fingerlings were incubated in 
shaded area to supress stress conditions) is fairly constant; the flux of unlabelled LA and LNA (along 
with those of other fatty acids) into and out of FFA pool.  

Based on the percentage oxidation rates, proportions of LA and LNA, contributing to the oxidizable 
FFA were calculated. These values ranged between 90.6±0.4 to 343.0±2.1 nmole/g/hr and 191.7±0.2 
to 328.0±27.8 nmole/g/hr for the LA and LNA, respectively. Multiplying these values with the 
proportion of FFA fraction as determined by SPA-NH2 cartridge separation (see below on Figure 11) 
the LNA oxidation rate was estimated. The “estimated oxidation rates of LNA” ranged from 6.1±0.6 to 
13.6±1.1 nanomole FA/g fish/hr (Fig. 9). 

 

    
 

Figure 9. Estimated oxidation rate of LA in the intraperitoneally injected carp (nanomole FA per gram 
fish b.w. per hour). 

 

Murata and Highasi (1980) obtained comparable fatty acid oxidation rates in fasted carp (initial weight 
around 10 gram; temperature 25°C; fatty acid loss: ~ 957 µg/day/g M.I.B.M. (Mean Individual 
Biomass: (wo - wt)/(ln (wo/wt))), assuming an average of 280 ng per nanomole for total fatty acid pool 
of their carp. This value corresponds to an oxidation rate of roughly 140 nanomole FA/g fish/hour. Our 
above “estimated oxidation rates of LNA” values for linolenic acid are similar if we account only for the 
portion of LNA among the all fatty acids. 

Results of the incubations suggest that the quickly available labelled FFA pool was diluted with 
mobilized endogenous fatty acid reserves. Although uneven tissue distribution of administered label 
cannot be excluded, these data suggest LNA vs. LA competition. However, for a more detailed 
evaluation of the dietary effects on the oxidation of LA and LNA, measurements of the blood plasma 
free fatty acid levels and kinetic study of the administrated plasma LA and LNA radioactivities would 
be necessary. 
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Distribution of incorporated activity from 1-14C-18:2n6 among the lipid classes 

For the time course experiment (Exp. I) the fish were selected from the groups fed on diet containing 
LA and LNA in a ratio of 1:3 in the oil supplement. Percentage distribution of incorporated 1-14C-
18:2n-6 radioactivity among lipid classes in relation to incubation time is presented on the Fig. 10a. 
The values represent average ± SD of two subsample at each time point. 

The changes in the percentage of the phospholipid (phosphoglycerid) fraction (PG) were similar to 
that of the oxidation rate showing saturation type curve (cf. Fig. 4a). The oxidation rate has shown 
saturation like logarithmic curve reaching about 10% of the administrated activity in 48 hours of 
incubation (Fig. 4b). 

Frac. A or Frac. I: composed mainly triacylglycerol, TG (or TAG), only minor amount of labels were 
expected in the intermediate mono- and diacylglycerols, as well as in cholesterol (C) and cholesterol 
esters (Ce). Proportion of the radioactivity reached  maximum at around 24 hours of incubation. The 
free fatty acid (FFA, FA, NEFA) has shown continuously decreasing changes (Fig. 10a), however, 
before the 6-hr point probably an initial increase with maximum might occur. 

Distribution of 1-14C-18:2n6 (LA) radioactivity in the SPE cartridge fractions (Fr.A;  FA;  PL) in relation 
to dietary supplement FA n6/n3 ratios was studied with the fish in the Experiment II. The radioactive 
LA was administrated to 2-3 fish per dietary groups by tube feeding of soft gel containing the labelled 
LA. Although the SD values were acceptable, no clear-cut differences were observed between the 
distribution percentages of the dietary treatment groups (Fig. 10b). 

 a.  b.  
 

Figure 10. a. Percentage distribution of incorporated 1-14C-18:2n6 radioactivity among lipid classes in 
relation to incubation time. b. Distribution of 1-14C-18:2n6 radioactivity in the SPE cartridge fractions 
(Fr.A; FA; PL) in relation to dietary supplement n6/n3 FA ratios - tube feeding. 

 

Distribution of 1-14C-18:2n3 radioactivity in the SPE cartridge fractions (Fr.A; FA; PL) in relation to 
dietary supplement n6/n3 FA ratios was studied in the Experiment IV. The labelled LNA was 
administrated by intraperitoneal injection of labelled FA dispersed in isotonic (0.7 % NaCl) solution 
containing 5% bovine serum albumin. The albumin bounding was necessary as the solubility of the 
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NEFA is low, and as this is the natural transport form of free fatty acids (FFA, NEFA), as well. The 
distribution of 1-14C-18:2n3 radioactivity in the SPE cartridge fractions has shown maximum for the 
fish in the group of 1:1 ratio of LA:LNA in the supplemental oil, however, this maximum is not 
statistically significant (Fig. 11). The values were lower than the respective values obtained with LA in 
tube fed fish (cf. Fig. 10b). 

The proportion of FFA ranging from 3.2 to 5.2 % found in SPA-NH2 cartridge separation were used for 
determination of “estimated oxidation rates of LNA” (cf. Figure 8). 

 

 

 

 

 

 

 

 

 

 

 

  

     
 

 

 

Figure 11. Distribution of 1-14C-18:2n3 radioactivity in the SPE cartridge fractions (Fr.A;  FA;  PL) in 
relation to dietary supplement n6/n3 FA ratios - tube fr intraperitoneally injected with 14C-labelled 
linolenic acid. 

 
Data for LC-PUFA biosynthesis 

Over 90-95% of the injected radioactivity were recovered in the cotton wool cartridge trap using the 
PYE UNICAM Manual Preparative Kit modified with suitable syringe needle as described by Owen et 
al. (1975). The extensive other trapping trials were not successful, but finally we have found the right 
length and gauge size needle. 

In case of TL extracts, the radio-gas chromatographic analyses have shown high proportions of 
radioactivity (over around 80%) remaining in the LA and LNA fractions (data not detailed here). 
Accordingly, during the applied incubation periods low activity occurred in the elongated and 
desaturated long chain derivatives.    

Analyzing the labeling of the  phospholipid fatty acids in the dietary groups (single sample per group), 
for the fish tube fed by soft gel containing radioactive LA, the highest percentage portion of the activity 
occurred in the LA fraction amounting 28 to 56 % (Table 9). The individual specific activity were 172 
and 187 Bq/nmole for the groups fed the highest and the lowest LA in the diet, respectively. In these 
groups relative activities of ARA (C20:4n6+i) expressed as percentage of C18:2n6 specific activity 
were 40.3 and 30.1% respectively, suggesting decreasing elongation and desaturation along with the 
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dietary levels of the precursor LA (cf. data in Table 1 and Table 9). In the radio-GC separations ARA 
fractions were collected together with the intermediers assuming that the intermediers are transient 
and have low concentrations. 

 

Table 9. Summary of radio-gas chromatographic data obtained with phospholipid fatty acids from fish 
groups after tube feeding administration of labeled LA in the Experiment II. 

FA dpm           

trapped   

in FA 

dpm %  

of all 

trapped 

dpm           

in GC 

inj.FA 

FAME%  

injected 

FA   

nmole  

injected 

spec.    

actvity  

Bq/nmole 

Bq/ nmole 

rel. % to 

C18:2n6 

Treatment group: added n6/n3 ratio 3:1     

C16:0 4.03 1.1 7.63 25.14 298.74 1.5 0.9 

C18:2n6 104.84 28.8 198.69 6.56 69.32 172.0 100.0 

C18:3n3    2.54 26.84   

C20:4n6+i 21.44 5.9 40.63 3.70 35.18 69.3 40.3 

C20:5n3    1.87 17.76   

C22:5n3    8.85 76.51   

 C22:6n3    15.74 135.99   

C24:45n6 68.12 18.7 129.10     

rest 116.9 32.1 221.45  633.7 11.1 6.4 

sum of trapped 364.26 100.0 690.30  1036.95 21.1 12.3 

Treatment group: added n6/n3 ratio 1:1     

C16:0 7.70 8.0 14.59 15.21 528.9 1.7 7.2 

C18:2n6 53.71 55.7 101.79 8.62 266.3 22.9 100.0 

C18:3n3    3.92 121.3   

C20:4n6+i 30.78 31.9 58.33 1.51 42.0 83.3 363.3 

C20:5n3    2.89 80.5   

C22:5n3    5.51 139.3   

 C22:6n3    5.61 142.0   

C24:45n6 27.48 28.5 52.08     

rest 96.5 100.0 182.81  2200.3 2.6 11.5 

sum of trapped 214.53 58.9 406.56  3037.6 4.2 18.5 

Treatment group: added n6/n3 ratio 1:3     

        

C16:0 7.70 2.4 14.59 18.95 316.6 2.8 1.5 

C18:2n6 103.42 32.8 196.00 4.24 62.9 186.9 100.0 

C18:3n3    2.27 33.7   

C20:4n6+i 17.08 5.4 32.37 2.58 34.5 56.3 30.1 

C20:5n3    2.10 28.0   

C22:5n3    20.18 293.1 0.0 0.0 

 C22:6n3    14.89 216.2 0.0 0.0 

C24:45n6 56.83 18.0 107.70     

rest 145.46 46.1 275.65  1088.7 32.8 17.5 

sum of trapped 315.73 100.0 598.34  1502.67 12.6 6.7 
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The phospholipid fatty acid composition data for the dietary groups i.p. injected with radioactive  LNA 
(Exp. IV) are presented in the Table 10. These data show data pattern characteristic to carp 
phospholipids except the palmitic acid value in the highest LNA diet fed fish which was roughly 30% 
higher than the normal value. 

 
 

Table 10. Fatty acid composition data of radio-gas chromatograms obtained with phospholipid fatty 
acids from fish groups after intraperitoneal administration of labelled LNA in the Experiment IV. 

FA Treatment 

group 

FAME %  

GC inj. 

sample 

±SD nmole/ GC 

inj. sample 

±SD mole 

fraction 

(%) 

C16:0 3:1 16.6 0.9 342.6 20.7 18.74 

C18:2n6  6.6 0.0 121.3 0.1 6.63 

C18:3n3  2.7 0.2 48.9 3.7 2.67 

C20:4n6  3.0 0.1 50.1 0.7 2.74 

C20:5n3  3.6 0.3 59.7 5.2 3.27 

C22:5n3  1.2 0.2 20.4 2.7 1.12 

C22:6n3  13.3 1.1 230.0 17.6 12.58 

C24:5,6n3       

rest    1127.0 12.0 61.63 

sum of trapped    1828.6 11.0 100.00 

C16:0 1:1 16.2 0.2 561.5 158.6 18.02 

C18:2n6  6.3 0.1 198.7 60.5 6.38 

C18:3n3  3.1 0.2 97.1 25.4 3.12 

C20:4n6  2.7 0.8 74.7 1.9 2.40 

C20:5n3  3.9 0.6 108.9 18.9 3.49 

C22:5n3  1.5 0.4 41.6 0.1 1.34 

C22:6n3  12.8 4.5 341.5 22.3 10.96 

C24:5,6n3       

rest    1965.1 804.3 63.07 

sum of trapped    3115.7 984.7 100.00 

C16:0 1:3 22.6 1.7 237.4 27.3 24.89 

C18:2n6  5.1 0.1 47.7 1.2 5.00 

C18:3n3  3.3 0.2 30.5 0.5 3.20 

C20:4n6  2.1 0.5 17.9 4.9 1.87 

C20:5n3i  3.3 0.3 27.6 3.7 2.90 

C22:5n3  1.8 0.8 17.7 8.1 1.86 

C22:6n3  11.3 6.3 113.8 66.6 11.94 

C24:5,6n3       

rest    526.6 57.7 55.21 

sum of trapped    953.7 47.5 100.00 

 
  



ARRAIN
A P

roj
ec

t 2
01

6

 

 

 
 

150 
This project has received funding from the European Union’s Seventh Programme for research, technological 

development and demonstration under grant agreement No 618105 

 

 

Data obtained for phospholipid fatty acids in the dietary groups i.p. injected with radioactive LNA, the 
highest percentage portion of the activity occurred in the LNA fraction amounting from 42 to 26 % 
(Table 11). The individual specific activity was 900 and 360 Bq/nmole for the groups fed the highest 
and the lowest LNA in the diet, respectively. 

In these groups relative activities of eicosapentaenoic acid (C20:5n3+i) expressed as percentage of 
C18:3n3 specific activity were increased from 55% to 91%, respectively, suggesting an increasing 
elongation and desaturation along with the dietary levels of the precursor LNA (Table 11). In the 
radio-GC separations  eicosapentaenoic acid (C20:5n3+i)  fractions were collected together with the 
intermediers assuming that the intermediers are transient and have low concentrations. 
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Table 11. Summary of radio-gaschromatographic data obtained with phospholipid fatty acids from fish 
groups after after intraperitoneal administration of labeled LNA in the Experiment IV. 

FA Treatment 

group 

dpm/FA 

GC inj. 

sample 

±SD % distr ±SD Bq/ nmole 

GC inj. 

sample 

±SD Bq/nmole 

rel. % to 

C18:3n3 

C16:0 3:1 16.1 11.5 1.7 1.2 5.5 4.2 0.61 

C18:2n6         

C18:3n3  387.9 55.6 42.6 7.5 900.0 61.7 100.00 

C20:4n6         

C20:5n3+i  263.5 43.8 28.8 3.9 499.9 39.8 55.54 

C22:5n3         

C22:6n3+i  102.0 11.8 11.2 1.7 50.8 9.7 5.64 

C24:5,6n3  40.6 6.3 5.1 1.5    

rest  99.6 40.4 10.8 4.1 10.1 4.2 1.12 

sum of 

trapped 

 
913.1 29.8   56.8 2.2  

C16:0 1:1 9.1 6.3 0.7 0.0 2.1 1.9 0.31 

C18:2n6         

C18:3n3  512.0 396.6 36.5 6.5 683.8 643.2 100.00 

C20:4n6         

C20:5n3+i  477.1 273.3 36.9 3.1 530.9 377.4 77.64 

C22:5n3         

C22:6n3+i  134.9 101.1 9.7 1.4 43.9 30.8 6.42 

C24:5,6n3  58.9 27.6 4.7 1.0    

rest  162.6 60.2 13.6 4.2 11.0 8.0 1.62 

sum of 

trapped 

 
1328.0 851.4   56.2 48.8  

C16:0 1:3 8.0 3.6 2.0 1.7 3.8 1.3 1.04 

C18:2n6         

C18:3n3  96.3 73.0 25.7 26.6 360.8 277.5 100.00 

C20:4n6         

C20:5n3+i  79.3 3.3 17.8 7.5 330.3 57.8 91.55 

C22:5n3         

C22:6n3+i  48.1 18.0 10.0 0.9 64.3 55.6 17.82 

C24:5,6n3  39.3 27.1 7.1 1.4    

rest  137.8 107.6 25.6 10.0 28.6 20.1 7.94 

sum of 

trapped 

 
493.0 227.0   59.5 30.0  
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Main conclusions 
 

The growth biomarkers have not shown specific differences in relation to the dietary differences in this 
challenge test. The fish grow steadily with moderate protein utilization efficiencies. 

The adapted laboratory method for vacuum infusion/inclusion of oil supplements can be 
recommended for inclusion of other oily feed components as well. 

The applied high level of oil supplementation in the feed seems not to be needed from physiologic 
point of view in fingerling stage. An oil supplementation supplying nearly equal LA and LNA fatty acids 
can be suggested within the limits of 7% crude fat content. For finishing diets for producing high 
omega-3 carp meat, however, higher oil supplementation, up to 9-10% crude fat content in the feed 
can be reasonable. 

The dietary effects of varying fatty acid composition of the diets have shown differences in the 
oxidation rate of the administrated radio-labeled fatty acids, however, due to the unclear effects of 
uptake kinetics and dilution effect of the endogenous non-esterified fatty acid pool, data are not 
sufficient to select validated biomarkers for fatty acid oxidation. 

Studies on the distribution of incorporated radioactivity among the lipid classes have not shown 
significant differences derived from the differences in diet composition. 

Similarly to oxidation rate, due to the unclear effects of uptake kinetics and dilution effect of the 
endogenous non-esterified fatty acid pool, data obtained in preparative radio-gaschromatographic 
analyses are not sufficient to select validated biomarkers. 

Within the scope limits of the accomplished studies, directly confirmed, validated biomarkers of fatty 
acid oxidation and of elongation and desaturation of LA and LNA have not been found. This was the 
case for the competition between LA and LNA, as well. The indirect evidences cannot be validated for 
biomarkers.   
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4. Overall conclusions:  

Major overall conclusions for the functional validation of selected biomarkers are summarized 
below for the five fish species considered in the procedure. Some concluding remarks are 
fish species specific, although most of them are quite generic and can be extrapolated to 
other species when the particular metabolic features of each fish species are properly 
considered. 

 Atlantic salmon: 

• Markers for growth performance and fat metabolism responded significantly  to 
different inclusion levels of minerals and vitamins, and based on this, reference values 
for growth rates (SGR and TGC) and organosomatic indexes (HIS, VSI) have been 
determined for freshwater Atlantic salmon. 

• Blood haemoglobin correlated with the nutrient premix content of the diet, and optimal 
values for mean cell haemoglobin content (MCH), mean cell volume (MCV) and 
haematocrit were determined after handling stress exposure.  

• Dietary methionine below requirements is associated with growth depression, being 
the gene expression pattern of key enzymes of methionine metabolism highly altered 
at the transcriptional level during early life stages. Based on this, the optimum range of 
variation for the expression level of CBS (cystathionine β-synthase), SAHH (S-
adenosylhomocysteine hydrolase) and BHMT (betaine-homocysteine 
methyltransferase) is reported in salmon alevins. 

Rainbow trout: 

• Biological markers of amino acid, carbohydrate and lipid metabolism are proved highly 
informative for the assessment of trout feeding with plant substitution.  

i) GK (glucokinase) and PK (pyruvate kinase) activity are well correlated with 
plasma glucose levels and they appear reliable markers of starch feeding.  

ii) ASAT (aspartate amino acid transferase) and GDH (Glutamate dehydrogenase) 
are induced by vegetal nitrogen sources leading to a decrease of protein 
retention.  

iii) D6D (delta-6 desaturase) and HMGCS (hydroxymethylglutaryl-CoA synthase) 
synthase genes are strongly expressed with fish fed plant-based diets, giving 
molecular tools to assess fish reaction to vegetal blend lipids. 

 

European sea bass: 

• High DHA contents in diets of sea bass larvae lead to an alteration of the oxidative 
status and to the appearance of muscular lesions. Molecular pathways underpinning 
regeneration processes are analysed and the optimum range of variation for a set of 
selected markers (CAT, catalase, have been provided; GPX, glutathione peroxidase; 
SOD, superoxide dismutase; IGF-I, insulin-like growth factor-I; IGF-II, insulin-like 
growth factor-II; alpha-actin; MyHC, myosin heavy chain; CAPN, calpain) of muscle 
regeneration is reported. 
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• The induced cortisol release from interrenal cells by dietary FA is mediated by different 
pathways and genes, and the opposite regulation of cortisol-synthesis (CYP11β) and 
glucocorticoid-related genes (GR and HSP90) improves the ability of fish to cope with 
a stress-related increase of circulating glucorticoids. Based on this, reference values 
for selected stress molecular markers and in vitro cortisol release from interregnal 
cells after ACTH stimulation is established. 

• The intestine is highly responsive to changes in diet composition, and a histological 
scoring system based on the morphological changes induced by fish fed plant-based 
diets is a highly feasible tool to assess intestinal health in sea bass. This approach is 
completed by initial data on gut microbiota diversity. 

 
Gilthead sea bream: 

• Clinical blood biochemistry in combination with organosomatic indexes and 
histopathological scoring of liver and intestine are functionally validated for the routine 
diagnosis of common nutrient deficiencies in fish fed free-FM diets. The diagnosis 
outcome might require confirmation by more specific assays, but the generated 
information is very useful for the overall assessment of fish performance and metabolic 
condition. The definition of the normal range of variation for most of the analysed 
parameters is done combing data from short and long-term trials with practical and 
semi-purified diets through the production cycle. 

• The tissue-specific regulation of 40 selected markers of lipid and lipoprotein 
metabolism has been reported in juvenile fish according to the different metabolic 
capabilities of each tissue and vital functions for life, which makes the brain highly 
refractory at the transcriptional level to changes in nutrient and energy availability. In 
contrast, the liver is clearly the most reactive tissue, with changes in gene expression 
affecting not only elongases and desaturases, but also to a high extent to the “lipolytic 
machinery”. Less responsive are however the adipose tissue and skeletal muscle, 
becoming the two isoforms of lipoprotein lipase (key limiting enzymes of tissue FA 
uptake) highly regulated in a tissue-specific manner by the nutritional and energy 
status.  

• Dummy regression is a powerful multispecies tool for predictive modelling the 
nutritionally tailored fillet FA composition of marine fish, and sea bream and sea bass 
in particular. This skill is supported by the absence of statistically significant 
interactions between dietary FA composition and fish species subgroups, which 
reinforces the possibility to produce more tailored and healthy seafood products 
according to the guidelines of essential FA requirements in humans. 

 

Common carp: 

• Rates of FA oxidation and LC-PUFA biosynthesis have been studied in fish fed with 
varying LA/LNA ratios, but data obtained in radio-gaschromatographic analyses are 
not sufficient to select validated biomarkers of fatty acid oxidation and elongation and 
desaturation of C18 PUFA. 
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5. Teams involved:  

NIFES. Contributed to define the range of variation of growth, health and stress performance markers 
in feeding regression trials of Atlantic salmon (section 3.1.1). 

USI. Contributed to the functional validation of biomarkers of Met deficiencies in Atlantic salmon 
(section 3.1.2). 

INRA. Contributed to the functional validation of biomarkers of nutrient and energy intake in rainbow 
trout (section 3.2.1). 

USI/ULPGC. Contributed to the functional validation of biomarkers of muscle regeneration (section 

3.3.1) and stress (section 3.3.2) in sea bass. 

USI. Contributed to the functional validation of histological scoring systems in sea bass (section 

3.3.3). 

CSIC/INRA. Contributed to the functional validation of clinical signs of nutrient deficiencies in sea 
bream (section 3.4.1). 

CSIC. Contributed to the functional validation of molecular markers of lipid metabolism in sea bream 
(section 3.4.2). 

CSIC. Contributed to the functional validation of predictive models of fillet FA composition in marine 
farmed fish, including sea bream and sea bass (section 3.4.3). 

NARIC. Contributed to validation of biomarkers in carp fed on diets with varying LA/LNA ratios 
(section 3.5.1).  
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